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Résumé

Résumé

Le virus Zika (ZIKV) a été isolé pour la premicre fois en 1947 en Ouganda. Au cours de son
histoire, le ZIKV a évolué pour donner naissance a deux lignées : la lignée africaine ancestrale
et la lignée asiatique. Auparavant, les infections par le ZIKV n'étaient associées qu'a des cas
asymptomatiques ou a de légers symptomes grippaux. Toutefois, en 2015, lors de I'épidémie
brésilienne, le virus Zika a été associé pour la premiere fois au développement de malformations
neurologiques chez les nouveau-nés. Le développement d’altérations du cerveau chez les

nouveau-nés n’a €t¢ associé qu’a des infections causées par des ZIKV de la lignée asiatique.

Bien que certaines études indiquent que la transmissibilité et la pathogénicité du ZIKV africain
sont plus ¢élevées que celles du ZIKV asiatique, l'utilisation d'un ZIKV africain ancien et/ou
passé¢ a grande échelle atténue la pertinence biologique de ces études dans I’évaluation du
potentiel épidémique du ZIKV africain actuellement en circulation. C'est pourquoi, dans le
chapitre III, nous avons évalu¢ le potentiel épidémique du ZIKV asiatique et de récents ZIKV
africains. Pour ce faire, nous avons évalué le taux d’infection et de transmission de différentes
souches asiatiques et africaines du ZIKV par le moustique Aedes aegypti. Nous avons constaté
que les souches africaines du ZIKV présentaient un taux de transmission plus élevé que leurs
homologues asiatiques. En outre, la modélisation in silico a montré que la probabilité et
I'ampleur des épidémies humaines étaient remarquablement plus €levées pour les souches
africaines du ZIKV. Ensuite, la pathogénicité des souches africaines du ZIKV a été étudiée chez
les souris immunodéprimées AG129 ainsi que chez des embryons murins. Nous avons montré
que les souches africaines de ZIKV étaient plus I1étales que les souches asiatiques de ZIKV pour
les souris AG129 immunodéprimées. En outre, les souches africaines de ZIKV étaient plus
susceptibles de provoquer une mort in utero que des malformations congénitales. Dans
I'ensemble, nous avons démontré que les ZIKV africains actuellement en circulation ont un

potentiel épidémique et une pathogénicité plus importants que les ZIKV asiatiques.

Dans le chapitre IV, nous avons étudié I’évolution de la pathogénicité entre les souches
asiatiques pré-épidémiques et épidémiques du ZIKV chez des embryons de souris
immunocompétents ainsi que les facteurs ayant pu I’influencer. En utilisant un modele de souris
qui imite une infection congénitale du cerveau par le ZIKV au cours du premier trimestre de la
grossesse, nous avons observé que toutes les souches asiatiques du ZIKV présentaient des
propriétés de neurotropisme et de neurovirulence. De plus, les infections par des souches pré-
¢pidémiques de ZIKV ont conduit plus systématiquement a des anomalies cérébrales graves

que les infections par des souches épidémiques de ZIKV. En outre, les embryons infectés par



Résumé

I'une ou l'autre des souches pré-épidémiques du ZIKV risquent davantage de développer un
phénotype d'cedéme sous-cutané a un stade précoce que ceux infectés par les souches
¢pidémiques du ZIKV. Nous avons ensuite cherché a savoir si la plus grande pathogénicité des
souches pré-épidémiques de ZIKV pouvait étre liée a une meilleure capacité de réplication.
Cependant, les niveaux d'ARN viral mesurés dans les cerveaux a différents moments apres
l'infection ne différaient pas entre le ZIKV pré-épidémique et le ZIKV épidémique. En outre,
les capacités de réplication des différentes souches du ZIKV in vitro ne reflétent pas la

pathogénicité observée in vivo.

Nous avons ensuite étudié la réponse du systéme immunitaire dans des cerveaux infectés par le
ZIKV pré-épidémique ou épidémique. Nous avons constaté que tous les ZIKV induisaient une
réponse immunologique, mais que celle-ci différait d'une souche a l'autre, indépendamment de

leur statut pré-épidémique ou épidémique.

Enfin, nous avons évalu¢ le role qu’a pu avoir le changement d’acide aminé d’une sérine par
une asparagine dans le génome des souches épidémiques du ZIKV et qui a été décrit
précédemment comme étant potentiellement impliqué dans la neurovirulence. En remplagant
la sérine par une asparagine dans la souche pré-épidémique du ZIKV thailandais, nous avons
observé que cela ne diminuait pas la pathogénicité du virus in vivo mais modifiait son profil de
réplication in vitro dans les cellules cérébrales humaines, avec une capacité de réplication

accrue par rapport a la souche WT du ZIKV thailandais.

Ainsi, dans le chapitre 4, nous avons démontré que les souches asiatiques de ZIKV partagent
des propriétés neurotropes et neurovirulentes et que la lignée asiatique a progressivement
évolué vers une pathogénicité atténuée. De plus, les différences observées entre in vitro et in
vivo ont démontré la nécessité de développer des modeles holistiques in vivo pour étudier les

propriétés pathogenes.
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Summary

Summary

Zika virus (ZIKV) was first isolated in 1947 in Uganda. During its history, ZIKV has evolved
to give rise to two lineages: the ancestral African lineage and the Asian lineage. Initially, ZIKV
infections were only associated with asymptomatic cases or with mild flu-like symptoms.
However, in 2015, during the Brazilian outbreak, ZIKV was for the first time linked to the
development of neurological defects in newborns. Moreover, the development of congenital
Zika Syndrome (CZS) has only been associated with infections by ZIKV from the Asian

lineage.

While some studies point towards a higher transmissibility and pathogenicity of African ZIKV
relative to Asian ZIKV, the use of historical and/or extensively passaged African ZIKV strains
raises questions about the biological relevance of these studies to assess the epidemic potential
of currently circulating African ZIKV strains. Therefore, in chapter III, we assessed the
relative epidemic potential of contemporary African and Asian ZIKV strains. To that purpose,
we evaluated the infection rate and transmissibility for different African and Asian ZIKV strains
in wild-type Aedes aegypti mosquitoes. We also performed an in silico outbreak simulation on
the epidemiological dynamics for each ZIKV strain. We found that African ZIKV strains
displayed a higher transmission efficiency than their Asian ZIKV counterparts. In addition, the
in silico modeling indicated a remarkably higher probability and magnitude of human outbreaks
by African ZIKV strains. Subsequently, the difference in pathogenic potential between African
and Asian ZIKV strains was investigated in AG129 mice, while in embryonic wild-type (WT)
mice the difference in the ability to cause birth defects was assessed. We showed that African
ZIKV strains were more lethal to immunocompromised AG129 mice than Asian ZIKV.
Moreover, African ZIKV strains were more likely to cause fetal death rather than birth defects.
Overall, we demonstrated that currently circulating African ZIKV strains have a greater

epidemic potential and pathogenic profile than Asian ZIKV strains.

In chapter IV, we fully focused on the Asian ZIKV lineage as we also noticed differences in
fetal pathogenicity of the two Asian ZIKV strains one being a pre-epidemic and the other an
epidemic strain that were evaluated in the embryonic mice (chapter III). We thus studied the
differences in the pathogenic profile between pre-epidemic and epidemic Asian ZIKV strains
in WT embryonic mice. In addition, we examined a genetic factor (present in contemporary
Asian ZIKV strains) on embryonic brain development. By using a mouse model that mimics
congenital ZIKV infection of the brain during the first trimester of pregnancy, we demonstrated

that all Asian ZIKV strains were neurotropic and neurovirulent. Infections by pre-epidemic



Summary

ZIKV strains, however, led more consistently to severe brain defects in fetal mice than
infections by epidemic ZIKV strains. In addition, we showed that mouse embryos infected by
any of the pre-epidemic ZIKV strains are at greater risk of developing subcutaneous oedema at
an early stage than those infected by epidemic ZIKV strains. The greater pathogenicity of pre-
epidemic ZIKV strains was not linked to a higher viral replication fitness (in vitro and in vivo)
of these strains, as viral RNA levels at different timepoints post-infection did not differ between
pre-epidemic and epidemic ZIKV. Furthermore, while all ZIKV strains induced an
immunological response in the fetal brain, as evidenced by an increase in immune mediators
such as [L-6, IL-10 and CXCL10, differences were observed, albeit not between the two groups

(pre-epidemic versus epidemic ZIKV), but between individual strains.

Finally, we assessed the impact on embryonic brain development of the serine to asparagine
amino acid change that occurred in epidemic ZIKV, which was suggested to have exacerbated
the neurovirulent profile of epidemic ZIKV. Swapping the serine for an asparagine in the pre-
epidemic Thailand ZIKV strain did not significantly alter the pathogenicity of the modified
strain as compared to that of the parental strain. By contrast, differences were observed in the
replication profile in human brain cells, with the modified Thailand ZIKV exhibiting an
increased replication fitness as compared to the WT Thailand ZIKV strain. Taken together, we
demonstrated in chapter IV that the evolution of the Asian lineage resulted in an attenuated
fetal brain pathogenicity. Moreover, the differences between the outcomes of the in vitro and
in vivo experiments underscore the need for holistic in vivo models for deciphering the

pathogenic properties of ZIKV strains.

13



: General Introduction

‘ Chapter I : General Introduction |




: General Introduction

15



: General Introduction

I.1 General introduction to Orthoflaviviruses

The Orthoflavivirus genus belongs to the Flaviviridae family of positive single-stranded
enveloped RNA viruses and comprises over 70 members that include the dengue virus (DENV),
the yellow fever virus (YFV), the West Nile virus (WNYV), the Japanese encephalitis virus
(JEV), and the Zika virus (ZIKV)!. These viruses are also categorized as arboviruses
(ARthropod-BOrne VIRUSes), which refers to the blood-feeding arthropod vectors that
transmit these viruses. The Aedes mosquito is the primary vector for transmitting ZIKV, DENV
and YFV while the Culex mosquito for JEV and WNV?3. In the past, the geographical
distribution of the arthropod vectors, particularly the Aedes mosquitoes, has limited the spread
of the orthoflaviviruses and hence the incidence of the viral disease caused by these viruses.
The Aedes mosquitoes were historically regionalized to the Asian and African continents, but
have nowadays colonized many, if not all, countries in the Pacific, Asia and Latin and South
America. Within Europe, the Aedes albopictus mosquito has colonized more than 20 countries,
including countries far to the north at 51° latitude, and was additionally introduced in at least 5
countries*>. This massive habitat expansion of the 4dedes mosquitoes has been linked to an
increase in the human population as well as urbanization, an increase in international trade and
travel, and global warming® , which all have contributed to a favorable environment for this
mosquito species®. The expansion of the habitat of the Aedes mosquitoes is under close
surveillance as it may lead to a major public health crisis imminently. Indeed, orthoflaviviruses
are already responsible for periodic epidemics and some massive outbreaks, such as those
caused by YFV in 2016 in Angola, the Democratic Republic of the Congo, and Uganda’.
Overall, the incidence of orthoflavivirus infections has been increasing over time (WHO, World
Health Organization). DENV infections have increased 8-fold over the past three decades, with
DENV now responsible for 100 to 400 million infections every year. From 2015 to 2019,
DENYV caused multiple epidemics in the Americas (WHO)?, Pacific-Asian region’ and Africa'®.
The closely related ZIKV was not regarded as a health threat because of the mild clinical
symptomatology caused by this virus, such as rash, fever, conjunctivitis, muscle and joint pain,
malaise and headache'!. However, in 2015-2016, ZIKV caused a massive outbreak in Brazil,
leading to 1.3 million infections'2. This unprecedented ZIKV epidemic as well as the dramatic
neurological manifestations in babies born to infected mothers, led the WHO to declare Zika a
Public Health Emergency of International Concern. Retrospectively, ZIKV is suspected to be
responsible for the unbeknownst outbreaks in the Yap Islands and French Polynesia in 2007

and 2013, respectively'>.
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Orthoflaviviruses yearly pose a huge clinical pathophysiology and socioeconomic burden in
(sub-)tropical regions. Although antiviral treatment is lacking, clinically approved vaccines are
available for some of the orthoflaviviruses (i.e., for YFV, JEV, tick-borne encephalitis virus
[TBEV] and DENV)!*. These vaccines generally present a good safety profile and significant
efficacy, but their use can have some limitations. For instance, the dengue vaccine Dengvaxia©
is recommended for use in dengue endemic areas and only in people who have experienced a
previous infection with DENV in the past to prevent the development of severe disease
manifestations that require hospitalization. This risk is increased in naive patients as vaccination
in naive recipients can be considered a natural DENV infection. Subsequently, they may
experience a secondary-like, enhanced infection when facing a true DENV infection for the
first time'”. In addition to vaccination campaigns, governments in endemic countries try to limit
the incidence of orthoflavivius infections by implementing vector control strategies and
preventive measures, including pesticides, repellents, traps, the deployment of sterile
mosquitoes or those presenting dominant lethal mutations, and the release of male mosquitoes
infected with the Wolbachia bacteria'®. However, even this multidisciplinary approach of
vaccine campaigns with vector control strategies has failed to prevent large orthoflavivirus
outbreaks in the past decades. Given the expansion of the mosquito vectors and the increasing
annual incidence of orthoflavivirus infections, more studies are required to better understand
their biology and evolution in order to develop efficient therapeutics and mitigation strategies

that could complement the current counteracting measures against the orthoflaviviral threat.

Zika virus evolution

ZIKV was first isolated from a febrile sentinel rhesus monkey in 1947 in Uganda, Africa.
Serological data indicate that prior to the 2015 Brazilian ZIKV epidemic, Zika was endemic for
decades on the African continent and subsequently in Asia without any reported cases of ZIKV-
associated morbidity and mortality in humans. Prior to 2015, ZIKV was not considered an
epidemiological threat as the majority of infected people were asymptomatic or developed only
mild symptoms, such as rash, fever, myalgia, and headache. However, in 2015, a massive
outbreak of approximately 1.3 million ZIKV infections occurred in Brazil, with devastating
consequences for newborns. This outbreak highlighted that, in addition to mosquito-borne
transmission, ZIKV could now be transmitted from person to person by vertical transmission
(and to a lesser extent, sexual transmission)!”!®. Moreover, additional and more severe
morbidities associated with ZIKV infections were documented in adults and fetuses - such as

the neuro-immunological Guillain-Barré Syndrome (GBS) as well as the neurodevelopmental

17



: General Introduction

abnormalities and other birth defects (Congenital Zika Syndrome, CZS) respectively'®. A
retrospective analysis of the preceding ZIKV outbreak in French Polynesia in 2013 revealed
that between October 2013 and April 2014, 66% of the total population had been infected with
ZIKV. Also, 41 out of 42 patients diagnosed with Guillain-Barré syndrome had anti-ZIKV IgM
or IgG antibodies, and all patients had neutralizing antibodies against ZIKV. The increased
incidence of GBS immediately followed the peak of ZIKV infections?’. Another retrospective
study of the same 2013-ZIKV outbreak documented a strong correlation between an increase
in the incidence of microcephaly cases and ZIKV infections in pregnant women during their
first trimester of pregnancy?!. Collectively, these retrospective studies demonstrate that ZIKV

was responsible for the severe clinical outcomes reported prior to the Brazil epidemic.

The ZIKV outbreaks in the past decade at dispersed geographical locations and in distinct
populations necessitated a thorough study into the determinants of ZIKV evolution that may
have led to the emergence of the new pathogenic traits. During its circulation, ZIKV evolved
into two distinct lineages: the ancestral African lineage and the descendant Asian lineage.
Phylogenetic analyses of the circulating ZIKV strains during the outbreaks in French Polynesia
and Brazil revealed that these strains belonged to the Asian lineage?’, which had undergone

numerous mutations, giving rise to a large number of ZIKV variants (Figure 1.1).

Several single mutations (highlighted and written in bold in Figure 1.1) appeared within the
ZIKV genome that may have affected viral replication and infectivity of the virus®.
Furthermore, mutation V763M acquired by recent Asian ZIKV strains was shown to increase
pathogenicity, neurovirulence** and transmissibility?>. However, all these mutations emerged
in Asian pre-epidemic ZIKV strains, which arose before the French Polynesian strain, and were
not associated with the development of neurological defects. The French Polynesian strain
marks the emergence of epidemic, CZS- and GBS-associated ZIKV strains®*. The serine (S) to
asparagine (N) amino acid change at position 139 in the ZIKV polyprotein that occurred in the
French Polynesian strain and that is present in all subsequent epidemic ZIKV strains was
proposed to be the predominant causative genotypic mutation underlying the neurovirulent
phenotype?®. When injected in embryonic mouse brain, the pre-epidemic Cambodia ZIKV
strain (S139) was less neurovirulent by causing less brain damage than the epidemic Venezuela
ZIKV strain (N139)%. Finally, the amino acid substitution M/T2634V occurred in the non-
structural protein NS5 of ZIKV strains in the Latin-America which could influence the
replication of these ZIKV strains. Taken together, these studies suggest that epidemic ZIKV

from the Asian lineage evolved towards more pathogenic and neurovirulent capacities®’.
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Akin the Asian ZIKV lineage, a similar pathogenetic trajectory can be hypothesized for the
African ZIKV lineage. However, no ZIKV outbreaks linked to the African lineage have been
reported since its discovery. Some studies have assessed the pathogenicity of ZIKV from the
African lineage. However, most of them employed the ancestral African ZIKV strain MR766,
which was isolated in 1947 but has since then been passaged numerous times within a
laboratory setting (around 150 times)*®. Experiments performed with the MR766 ZIKV strain
may hence not be representative of the pathogenicity elicited by the recently and currently
circulating African ZIKV strains. This led to a lack of knowledge about the evolution of the
African lineage and its potential to cause future outbreaks with similar human health

consequences as those elicited by epidemic ZIKV strains from the Asian lineage.
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Figure 1.1: ZIKV phylogeny of African-Asian/Pacific and Latin American virus isolates, including mapping of amino
acid substitutions®’. The different amino acid substitutions that arose in the genome of the different ZIKV strains are displayed
in the boxes. The red circles indicate ZIKV strains that were associated with congenital Zika syndrome.
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1.2 The role of ZIKYV proteins in the viral life cycle, immune systme evasion,
and ZIKYV pathogenicity

1.2.1 Zika virus genome and life cycle

The ZIKV genome is approximately 11 kilobases in size and encodes a single polyprotein,
which is cleaved into three structural proteins and seven non-structural proteins. The structural
proteins include the capsid (C), the envelope (E) and the pre-membrane (prM) protein, which
are involved in the viral particle formation. The seven non-structural (NS) proteins are NSI,
NS2A, NS2B, NS3, NS4A, NS4B and NS5 that not only contribute to viral replication level

and viral particle assembly but also interact with the host immune system? (Figure 1.2).
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Figure 1.2: The structure of Zika virus (ZIKV) genome and its encoded proteins
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The single open reading frame encodes a polyprotein precursor that is post-translationally cleaved into three structural proteins
(capsid, membrane and envelope) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).

The orthoflavivirus life cycle starts with the recognition and the specific binding between the
viral envelope to human host-cell receptors. ZIKV can enter various cell types by interacting
and binding to diverse host cell factors present on the cell surface such as heparan sulfates, and
specific receptors (Axl, Tyro3, DC-SIGN)*° (Figure 1.3). Notably, Tyro3 and Axl receptors are
present in different cells of the central nervous system (CNS) such as neurons, astrocytes and
microglia which may explain the neurotropism of ZIKV?3!. Subsequently, the virus enters the
cell mainly in clathrin-dependent endocytic vesicles®’. Under low-pH conditions the virus is
uncoated and the viral genome is released into the cytoplasm®. At the surface of the
endoplasmic reticulum (ER), the viral genome is first translated by host ribosomes into a single
polyprotein which is then anchored to and inserted into the ER membrane. Next, the polyprotein
is cleaved by host and viral proteases to produce the individual structural and non-structural
viral proteins. Subsequently, the non-structural proteins induce ER membrane rearrangements
to create vesicle pockets in which the non-structural proteins assemble to form the replication

complex**. Following replication, the newly synthesized positive RNA strand associates with
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the capsid protein to form the nucleocapsid before it is packaged into immature ZIKV particles

(Figure 1.3, 1.4).
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Figure 2.3: The flavivirus replication cycle.

The different steps of the flavivirus cell life cycle. Entry and internalization by endocytosis is followed by viral replication,

translation and viral particle assembly at the endoplasmic reticulum. Virus maturation occurs during ER transport and

transport through the Golgi apparatus. Finally, the virus is released from the cells by exocytosis. Adapted from Pierson, T. C.

& Diamond, M. S 3 | created with Biorender.com.

22



: General Introduction

n38de,

F

Immature virions ﬁt 3 Q
1) X
u38 e, @@‘wﬁ
!51 e ,_g Cytoplasm
ﬁ* *; Q

4- Assembly

8
!5% _
b %
‘% Q? Lumen

1- Translation ©' Nucleocapsid

‘ polyprotein o Cytoplasm
. Lumen

2- Cleavage polyprotein

and

formation replication

complex 3- Replication

Replication
complex

Figure 1.4: Translation, Replication and Assembly of ZIKV.
First step (1-) is the translation of the viral RNA followed by the cleavage of the polyprotein and the formation of the

replication complex (2-) in which the replication occurs (3-). Finally, the newly synthesized viral genome is assembled (4-).
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In more detail, the membrane (M) protein is first synthesized as a precursor protein. This prM
is continuously associated with the E protein (prM-E complexes) during the transport from the
ER to the Golgi apparatus to protect the E protein from a premature E protein fusion that would
lead to the release of immature virions®>. During virus particle assembly, the capsid binds to
the single stranded RNA to facilitate its packaging and form the nucleocapsid. The latter
interacts with the prM-E complexes and acquires a lipid membrane by budding through the ER
membrane, forming an immature ZIKV particle’®. The immature ZIKV particle surface is
formed by 60 spikes made of trimers of the prM-E complexes which undergoes a final
maturation process through the Golgi network by furin cleavage of the pr peptide from prM.
This cleavage results in a conformational change of the E protein and the release of fully mature

ZIKV particles by exocytosis*® (Figure 1.3).

Envelope (E) dimer

Membrane protein (M)

RNA (+)

Capsid (C)

Figure 1.5: ZIKV mature virion.
ZIKV mature particle contain a single positive strand RNA, capsid proteins (C), membrane proteins (M) and dimers of
envelope proteins (E). Created with Biorender.com

In addition to the structural proteins, the non-structural proteins play a major role in the life
cycle of the virus. The NS1 protein is localized in the lumen of the ER and supports the viral
RNA synthesis®’. NS2A is a hydrophobic membrane protein which is involved in the assembly
of the viral RNA complex and the virion particle*®. By recruiting the NS2B-NS3 complex,
NS2A will allow the cleavage of the C protein®®. NS2B forms a complex with the protease NS3,
in which it serves as a cofactor. This complex ensures the cleavage of the polyprotein at the
NS1-NS2A, NS2A-NS2B, NS2B-NS3, NS3-NS4A, NS4A-2K and NS4B-NS5 junctions®. In
addition to its protease activity, NS3 possess other enzymatic properties. NS3 also harbours a

viral helicase and a 5’RNA triphosphatase to allow the capping of the viral RNA by NSS5.
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Besides a RTPase, NS3 also codes for a nucleoside 5'-triphosphatase (NTPase), responsible for
NTP hydrolysis. This reaction provides energy for a variety of processes, including the binding
of viral RNA by the replicase complex, the unwinding of the nascent RNA duplex after virus
replication, and the removal of the secondary structure on the RNA template. NS4A and NS4B
interact together to form a complex that will sustain the replication complex as well as organize
and modify the activity of the NS3 helicase*’. Finally, NS5 is endowed with viral RNA
polymerase activity and, as previously mentioned, is responsible for the capping of the newly

synthesized viral RNA thanks to its mRNA capping methyltransferase activity>’.

1.2.2 Non canonical functions of ZIKYV proteins in immune system response

In addition to their role in the ZIKV life cycle and ZIKV pathogenicity, the viral proteins (both
structural and non-structural) also exert important functions in mitigating the immune response
following a ZIKV infection. The capsid protein of ZIKV was demonstrated to suppress DICER
activity. The endoribonuclease DICER is involved in the antiviral response through the
identification of dsRNA and its cleavage into virus-derived small interfering RNAs
(vsiRNAs)*. These vsiRNAs are used by the RNA-induced silencing complex (RISC) to
identify viral RNA leading to its cleavage and its degradation*’. Thus, by suppressing DICER
activity, the capsid protein counteracts the host’s antiviral response.

Interferons (type I, II and III) are major components of the antiviral response of the host cell
upon viral infection, by inducing a cascade of signaling pathways, resulting in up- or down-
regulation of gene expression. The structural prM protein of ZIKV was demonstrated to be able
to suppress interferon-1 (IFN-1) production*®. The non-structural proteins NS2A, NS2B,
NS4A, NS4B and NS5 were shown to impede interferon signaling by inhibiting IFN-f through
the RIG-I pathway in vitro*’. Moreover, NS1 and NS4B were reported to suppress type 1 IFN
signaling, while the NS2B-NS3 complex impaired JAK-STAT signaling by preventing the
induction of interferon stimulated genes in vitro>®. In addition, the polymerase NS5 plays an
important role in controlling the immune system by binding the human STAT2 IFN-regulated
transcriptional activator, leading to its degradation by the proteasome’!. Altogether, the non-
canonical functions of the structural and non-structural proteins allow ZIKV to evade the
immune system response.

Although ZIKV found various ways to evade the immune system, as described above, it is also
capable of triggering a strong inflammatory response, resulting in increased levels of both pro-
and anti-inflammatory cytokines/chemokines. Elevated levels of inflammation modulators

were found in human fetal brains affected by CZS*2. Several studies also reported that following
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a ZIKV infection, increased expression of cytokines and chemokines was observed in human

53,54 155

peripheral blood cells®>*, in an in vitro human blood brain barrier model>”, in human iPSC-
derived astrocytes®, and in brain of adult mice’’. Moreover, while infections with ZIKV from
both lineages can elicit a strong inflammatory response, the response was reported to differ
between the African and Asian lineages, as was shown in human blood monocytes. Infections
with the African ZIKV strain led to the conversion of blood monocytes to a M1 pro-
inflammatory profile while infections by an Asian ZIKV strain led to a M2 anti-inflammatory
state>>. Whether this results in improvement or worsening of ZIKV disease requires further

investigation.

1.2.3 Non canonical functions of ZIKV proteins in pathogenicity

In addition to their canonical functions in viral particle formation, the structural proteins have
also been recently shown to play a role in the pathogenicity of ZIKV. Indeed, specific mutations
within prM were shown to affect its replication efficiency and thus ZIKV infectivity and
cytopathogenicity*!. Moreover, mutations in the E protein could lead to an increase in
neurovirulence in vivo®* but also to increased ZIKV fitness*. Besides hampering the antiviral
response, suppression of the DICER activity by the ZIKV capsid may also disrupt neurogenesis,
leading to enhanced ZIKV pathogenicity. Indeed, the regulation of the biogenesis of miRNA,
small interfering RNA and small RNA from various sources by DICER enzyme is essential for
a proper brain development as a DICER activity deficiency leads to microcephalic

phenotypes*?.

The non-structural proteins exert several non-canonical functions that contribute to ZIKV
pathogenicity, as was shown for the structural proteins. Several non-structural proteins were
reported to be involved in brain alterations, amongst others. By using its protease activity, the
NS2B-NS3 complex was shown to cleave the host-protein Septin-2, a cytoskeletal factor
involved in cytokinesis, leading to mitotic dysfunction in neural progenitors*’. The NS4A-
NS4B complex was found to dysregulate Akt-mTOR signaling in human fetal neural stem cells,
which is essential for proper neurogenesis and future migration and maturation**. The NS5
protein can interact and activate the p53 protein, inducing p53-mediated apoptosis in human
neural precursor cells®’. Altogether, the multiple roles of ZIKV structural and non-structural

proteins demonstrate the complexity of the mechanisms underlying ZIKV pathogenicity.
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1.1 Animal model: the mouse

I.1.1 The mouse as an in vivo model for cortical development and cortical malformations
The use of animal models has facilitated our understanding of the human brain as well as
neurodevelopmental and neurobehavioral disorders. Rats and mice have been the principal
choice of in vivo models in preclinical research, with the latter steadily accounting for more
than 50% of all rodent models utilized in neuroscience research over the past ten years®® . The
mouse possesses several advantages as a model for neurodevelopmental studies, most
importantly being that the mouse brain shares similarities in neuroanatomy, cytoarchitectural
organization and developmental stages with the human brain®. Both species also undergo
similar highly regulated neurodevelopmental processes that have been well described®®. Further
microscopic histological examination of cerebral neocortices of both the human and mouse
species are stratified into six different cellular layers, where each layer consists of many highly
specialized cells with distinct identities, morphologies, and functions such as excitatory
neurons, inhibitory neurons, oligodendrocytes, astrocytes, and microglia. Furthermore, mice
have an advantageous fecundity (approximately 6 to 18 pups per litter) and gestation period
(approximately 19. 5 days) as compared to other in vivo models such as the non-human primate
rhesus macaque (166.5 days), thus allowing researchers to perform many experiments®’. Taken
together, this has supported the mouse as an appropriate and increasingly accepted model for

elucidating the mechanisms of human brain development.

1.2 Cerebral cortex development

1.2.1 The progenitors of the cerebral cortex

The cerebral cortex is a complex structure within the brain that forms in a highly regulated
spatiotemporal developmental process. The first step of murine brain development is the
formation of the neural plate originating from the ectoderm at the embryonic day 7.5 (E7.5).
Around E9.5-E10, the neural tube will undergo a final closure leading to a physical separation
of the neuroectoderm that will become the central nervous system (CNS) and the skin®!.
Following this separation, the neuroectoderm will differentiate to give rise to the neuroepithelial
progenitors (NECs) that will give rise to all subsequent cortical progenitors and their
progenies®’. From E10, these NECs undergo neurogenesis for the generation of new neurons
and give rise to the second wave of cortical progenitors, the Radial Glial Cells (RGCs)®. The
RGCs progressively transition from symmetric to asymmetric divisions during cerebral cortical
development. The former is characterized by the generation of two identical RGCs and leads to

the expansion of the pool of cortical progenitors, which occurs from E10.5 to E11.5 within the
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murine brain. Conversely, the latter allows the self-renewal of progenitor populations as well
as the generation of one non-progenitor neuronal progeny®®. Through a highly regulated
spatiotemporal cascade of symmetric and asymmetric divisions, RGCs give rise to new neurons
either via direct or indirect neurogenesis. Direct neurogenesis occurs when an RGC undergo
asymmetric division for self-renewal as well as the generation of one neuronal progeny whereas
indirect neurogenesis occurs when an RGC undergo asymmetric division to produce
intermediate progenitor (IPCs) and outer SVZ progenitor cells (0SVZ)®. A third population of
progenitors is present in the cortex, the short neural precursors (SNPs), but it is unclear yet if
they are progenies of RGCs®®. Following this, a small portion of IPCs may first undergo
symmetric division to self-renew before transitioning towards symmetric terminal divisions to
give rise to post-mitotic neurons. The oSVZ exhibits a similar developmental program with the
RGCs by the first expansion period followed by the production of neurons. Finally, SNPs will

mostly directly produce post-mitotic neurons by terminal symmetric divisions®®.

All these progenitors and their respective progenies are located in specific regions within the
cerebral cortex, which is a highly organized structure where distinct neuronal cell populations
require specific spatial orientation for appropriate network functionality. RGCs and SNPs both
reside in a layer present at the apical surface of the ventricle, named the ventricular zone (VZ).
When generated, IPCs and 0SVZs will have to migrate along the RGCs’ processes that extend
toward the pia surface to leave the VZ. IPCs will accumulate and form the subventricular zone
(SVZ) above the VZ. As they are named, oSVZ progenitors will migrate to settle outside the

SVZ. In mice, the 0SVZ number is too limited to form a specific layer in contrast to humans®.

Like IPCs and o0SVZ, newly generated neurons will migrate along the RGCs’ processes to reach
their final position. Neuronal positioning and identity are determined by their birth date. Indeed,
neurons are produced in sequential waves of which the birth peaks are at E11.5, E12.5, E13.5,
E14.5 and E15.5. These different waves will give rise to the distinct neuronal layers of the
cortex®. The cortical layering is established following an “inside-out fashion” mode with the
first waves of early-born neurons forming the deepest cortical layers while late-born neurons
give rise to the superficial layers. Thus, the first-born neurons will establish the subplate that
lies above the 0SVZ progenitors, the second wave will form layer VI, followed by layer V, then
layer IV and finally, the last neuronal wave at E15.5 will give rise to layer II/III. Before birth,
the cortical layering formed by the neurons is not completely established and the different layers
form a structure called the cortical plate (CP) that will progressively disappear in favor of six

well-defined layers.
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Around E17.5, RGCs will progressively switch from the neurogenesis phase to the gliogenesis-

generating astrocytes and oligodendrocytes®’. (Figure 1.4)

Finally, while projection neurons represent 80% of the cortical cell population, interneurons are
the second major population of cells present in the cortex. In contrast to the neurons that are
originating from the cortex, the vast majority of the interneurons are born outside of the cortex
and will have to follow long paths of migration to reach their final position. They act as

inhibitory neurons that will control the total excitability of the neuronal network®®.

The balance between symmetric and asymmetric divisions must be highly controlled to ensure
the generation of the proper number of progenitors and neurons. Indeed, a drift towards
increased direct neurogenesis (by RGCs and/or other progenitor cells) will reduce the eventual
number of neurons produced while the converse increased indirect neurogenesis will have a
more indirect but equivalent effect by decreasing the pool of IPCs which is essential to generate
neurons. Consequentially, the accurate and precise balance of symmetric and asymmetric
divisions within different progenitor populations is paramount for the appropriate neuronal

production to avoid cortical malformations and their associated diseases.
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1.3 Zika transmission and pathogenicity

1.3.1 ZIKYV transmission cycles and vector competence

ZIKYV is circulating via two transmission cycles: a sylvatic cycle and an urban cycle. During
the sylvatic cycle, ZIKV is transmitted from its natural mosquito vector to non-human primates
(NHP), which are thought to be the main animal reservoir of ZIKV. The mosquito genus Aedes
is responsible for circulation and transmission of ZIKV in both the sylvatic and urban cycle.
During the sylvatic cycle, ZIKV has been isolated from multiple Aedes species such as Ae.
opok, Ae. apicoargenteus, Ae. furcifer and Ae. aegypti formosus®®. In Africa, the sylvatic cycle
is established and documented over time in several countries such as Senegal, Uganda, Nigeria,
Central African Republic or Ivory Coast®. The few studies conducted in Asia, more specifically
in Malaysia and Thailand, report a high ZIKV seroprevalence in NHP, suggesting established
sylvatic cycles in Asia, at least in those areas’®’!. By contrast, studies that have so far been
conducted in Latin America found no or only very low seroprevalence in NHP, suggesting the
absence of a sylvatic cycles of ZIKV’?. However, most of the studies on the seroprevalence in
NHP in Latin America were done in Brazil, leaving a lack of data for the other countries to

confirm with certainty that a ZIKV sylvatic cycle is not present in this continent.

ZIKV transmission to the human population occurs during the urban cycle of the virus. In
contrast to the sylvatic cycle where multiple Aedes species were identified as competent
vectors, the urban cycle involves predominantly the African mosquito species Aedes aegypti®®.
Furthermore, a study on peridomestic ZIK'V transmission in Gabon in 2007"* along with several
experimental studies revealed that the Asian Aedes albopictus mosquito species is also a

competent vector of ZIKV'*,

1.3.2 Human to human transmission

Prior to the ZIKV epidemic in Brazil in 2015, the virus was assumed to be exclusively
transmitted by mosquitoes. However, emerging clinical and preclinical findings demonstrated
that ZIKV can also disseminate within the human population via either horizontal or vertical
transmission, specifically between partners during sexual intercourse or from mother to fetus

during pregnancy’’.

1.3.3 Horizontal transmission: Sexual intercourse
The sexual transmission of ZIKV has been documented in women with no known exposure to
the mosquito vector but instead have been infected by symptomatic men who travelled to

ZIKV-endemic areas’®. Moreover, a study showed that ZIKV could persist for up to 6 months
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after infection in human semen’’. This potential chronic persistence of ZIKV in semen led the
Centers for Disease Control and Prevention (CDC) to issue recommendations to men who have
been travelling in endemic areas to adopt either abstinence behavior or contraceptive practices
for at least three months’®. This potential for sexual transmission is a unique characteristic of

ZIKV among arboviruses'’.

1.3.4 Vertical transmission

The vertical transmission of ZIKV occurs when it is transmitted from the infected pregnant
woman to her fetus through the placental barrier. While an accurate incidence of ZIK'V vertical
transmission is difficult to measure, however a study from a cohort of French Guinean patients
estimated a transmission rate of around 18%°. The pathophysiological impact of ZIKV vertical
transmission has been linked to several pre- and post-partum defects and abnormalities in
fetuses and infants respectively, which have been collectively categorized as Congenital Zika
Syndrome (CZS)*. The development of CZS has been correlated to the stage of pregnancy
when ZIKV was contracted. Indeed, the prevalence of CZS is higher in infants that have been
infected during the first trimester of pregnancy and decreases when infections occurred in the
second or third trimester of pregnancy®!. Unfortunately, no direct links could be established
between the mother’s viremia levels and the probability for the fetus to develop CZS and its
severity!®. This recent documentation of the vertical transmission of ZIKV as well as its
associated congenital defects such as CZS has led to its inclusion as a new member of the

TORCH (Toxoplasmosis, Other (Zika), Rubella, Cytomegalovirus, Herpes) panel of viruses.

1.3.5 Congenital Zika Syndrome

As described previously, ZIKV can lead to the development of a Congenital Zika Syndrome
(CZS) that is characterized by severe peripartum clinical manifestations. The most common
brain abnormalities (and their corresponding prevalence) observed in clinical studies are a
reduction of the brain volume (92%), the presence of calcifications (92%), cortical
malformations (89%) and ventriculomegaly (92%)%, and microcephaly (varies between 33%
and 64%)'8. The following paragraphs will describe the different clinical manifestations in

greater detail.

During perinatal examination, cortical malformations can be identified based on aberrant gyral
patterns such as the overall reduction in gyration, polymicrogyria and/or heterotopia®?. These
aberrant gyral patterns are due to an altered neuronal migration and cortical organization which

will lead to an excess (polymicrogyria) or lack of gyri (reduction in gyration) and misplaced
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neurons (heterotopia). These abnormalities are detrimental causing epilepsy, developmental
delay, intellectual disability or cerebral palsy®’. Another common fetal cortical malformation is
microcephaly which has been reported by multiple groups to be caused by the tropism of ZIKV
for neural progenitors. ZIKV-infected neural progenitors exhibited abnormal division

t% defective maturation and differentiation®® and cell death®. These

patterns®®, cell-cycle arres
defects will result in abnormal neurogenesis within the cerebral cortex during fetal development
and may ultimately lead to microcephalic phenotypes'®. Another cortical malformation detected
in CZS is ventriculomegaly which is a condition whereby the brain ventricles are enlarged and
can occur when the cerebral spinal fluid (CSF) is trapped in the ventricle’s spaces®’. In relation,

Pomar and co-workers reported that ZIKV caused peri-ventricular and germinative necrosis

that led to ventriculomegaly'®.

Brain calcifications can occur in the parenchyma which results from the excess deposition of
calcium in necrotic cells. The calcium deposit can also be present in proximity or within the
blood vessels®. In the case of ZIKV infection, Chen et al reported that brain calcifications
might also be the consequence of overexpression of osteogenic genes by fetal pericytes upon

ZIKV infection®’,

As a consequence of the above-mentioned brain defects, children affected by CZS may present
with a large spectrum of severe neurological sequelae such as motor disabilities that were
predominantly characterized by hypotonia and/or hypertonia®, epilepsy (which affects
approximately 60% of CZS-affected infants)’!, and mental retardation®. Other complications
associated with CZS include ocular malformations that may be vision-threatening’* as well as

arthrogryposis which consists of joint contractures®.

While microcephaly should not be considered as the determinant marker in the development of
CZS as its prevalence is lower than for ventriculomegaly and brain calcifications, the
microcephaly development has shed light on the potentially severe consequences of a ZIKV

fetal infection.

1.3.6 Guillain-Barré Syndrome

The recent ZIKV epidemics have uncovered a novel association between the incidence of ZIKV
infections and the prevalence of Guillain-Barré Syndrome (GBS) patients. GBS is a rare but
rapid-onset muscle weakness characterized by an auto-immune response that damages the
peripheral nerves in humans. These patients typically present with symptoms such as muscles

weakness, pain, numbness, problems with balance and coordination at the early stages of the
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disease followed by progressive severity to paralysis of the limbs and face, difficulty walking,
difficulties to breath and talk, persistent and/or severe pain®. In rare cases, GBS can lead to
death, with a reported mortality rate of 2.8% in the USA®. However, most patients will fully
recover with about 20% of affected patients retaining long-term disabilities”’. There is no
curative treatment for GBS patients but only symptomatic management strategies such as
plasma exchange or intravenous immunoglobulin therapy for patients with severe symptoms to
abrogate the auto-immune driven damage of the peripheral nerves’®. The WHO reported an
increase in incidence of 19% in GBS patients during the 2015 Brazilian ZIKV outbreak,
although Barbi and co-authors reported a lower prevalence of ZIKV-associated GBS, namely
1.23%°7. While the ZIKV-GBS association may appear low, the socio-economic burden upon
affected countries was exorbitant reaching up to 10 billion US dollar for the entire Latin-

American region during the ZIKV epidemics from 2015 to 2017(ref.”?).
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: Aim of the thesis

In 2015, the world experienced the emergence of ZIKV as a new public health threat. The
development of neurological defects in infants infected in utero by ZIKV shed light on the
dramatically altered pathogenic profile of a virus that was initially considered a benign virus.
While ZIKV has evolved to give rise to two lineages, ZIKV outbreaks with increased cases of

CZS were only linked to ZIKV strains of the Asian lineage.

Despite the efforts of a number of research groups, it remained unclear whether African ZIKV,
like Asian ZIKV, poses a public health threat. Possible reasons might be the use of old or
extensively passaged African ZIKV as well as the use of only a few ZIKV strains. By deploying
multiple ZIKV strains that circulated more recently, in chapter III, we therefore wanted to
define the epidemic potential of African ZIKV strains to that of their Asian counterparts. In
addition, we also wanted to examine their pathogenic profile and their propensity to cause birth

defects.

The Asian ZIKV lineage emerged decades ago from the African lineage and was first detected
in the 1960s. However, the first Asian ZIKV outbreak associated with CZS was only reported
in 2013. In chapter IV, we aimed to better understand whether the occurrence of the recent
CZS-associated ZIKV outbreaks may be due to the acquisition of new traits and/or a change in
the neuropathogenicity of epidemic Asian ZIKV compared to the pre-epidemic strains.
Moreover, we sought to investigate which factors could have driven the changes in the

pathogenic profile between pre-epidemic and epidemic Asian ZIKV.

The overall aim of the thesis is to determine whether African ZIKV strains pose a threat to
public health and which factors during the Asian ZIKV evolution may have favored the sudden

appearance of brain abnormalities in fetuses.
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Chapter III : Recent African strains of Zika virus display

higher transmissibility and fetal pathogenicity than Asian

strains

II1.1 Abstract

The global emergence of Zika virus (ZIKV) revealed the unprecedented ability for a mosquito-
borne virus to cause congenital birth defects. A puzzling aspect of ZIKV emergence is that all
human outbreaks and birth defects to date have been exclusively associated with the Asian
ZIKV lineage, despite a growing body of laboratory evidence pointing towards higher
transmissibility and pathogenicity of the African ZIKV lineage. Whether this apparent paradox
reflects the use of relatively old African ZIKV strains in most laboratory studies is unclear.
Here, we experimentally compare seven low-passage ZIKV strains representing the recently
circulating viral genetic diversity. We find that recent African ZIKV strains display higher
transmissibility in mosquitoes and higher lethality in both adult and fetal mice than their Asian
counterparts. We emphasize the high epidemic potential of African ZIKV strains and suggest
that they could more easily go unnoticed by public health surveillance systems than Asian

strains due to their propensity to cause fetal loss rather than birth defects.

This chapter has been published in Nature Communications.

The mosquito work and the mathematical modelling were performed at Pasteur Institute
Paris. The mouse work was performed at KU Leuven and Uliege.

Fabien Aubryf, Sofie Jacobs}, Mailis Darmuzeys, Sebastian Lequime, Leen Delang, Albin
Fontaine, Natapong Jupatanakul, Elliott F. Miot, Stéphanie Dabo, Caroline Manet, Xavier
Montagutelli, Artem Baidaliuk, Fabiana Gambaro, Etienne Simon-Loriere, Maxime Gilsoul,
Claudia M. Romero-Vivas, Van-Mai Cao-Lormeau, Richard G. Jarman, Cheikh T. Diagne,
Oumar Faye, Ousmane Faye, Amadou A. Sall, Johan Neyts, Laurent Nguyen, Suzanne J. F.
Kaptein*, Louis Lambrechts*
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I11.2 Introduction

Zika virus (ZIKV) is a flavivirus mainly transmitted among humans through the bite of infected
Aedes aegypti mosquitoes'®1%! After its first isolation from a sentinel monkey in Uganda in
1947, ZIKV was shown to circulate in enzootic sylvatic cycles in Africa and continental Asia,
but human infections were only sporadically reported for half a century!®1% The first
documented human epidemic of ZIKV occurred in 2007 on the Pacific island of Yap,
Micronesia'®. Subsequent larger ZIKV outbreaks were recorded in French Polynesia and other
South Pacific islands in 2013-2014 (refs.!%197) In May 2015, ZIKV was detected for the first
time in Brazil from where it rapidly spread across the Americas and the Caribbean, causing an
epidemic of unprecedented magnitude involving hundreds of thousands of human cases'®.
Whereas human ZIKV infections are usually asymptomatic or result in a self-limiting mild
illness, ZIKV was associated for the first time with severe neurological complications such as
Guillain-Barré syndrome (GBS) in adults, and congenital Zika syndrome (CZS), a spectrum of
fetal abnormalities and developmental disorders including microcephaly, when mothers were
infected during early pregnancy?''®°. Within less than a decade, ZIKV went from a poorly
known virus causing sporadic human infections in Africa and Asia to a nearly pandemic
neurotropic virus with active circulation detected in more than 87 countries and territories'%®.
Phylogenetic analyses of ZIKV genetic diversity identified two major ZIKV lineages referred
to as the African lineage and the Asian lineage, respectively®®. Strikingly, all ZIKV strains

responsible for human outbreaks to date belong to the Asian lineage!*®!1°,

The explosiveness and magnitude of worldwide ZIKV emergence increased awareness and
surveillance in regions with seemingly favorable conditions, such as Asia or Africa.
Retrospective analyses of samples and surveillance programs in several Asian countries
revealed that ZIKV had circulated at low but sustained levels for decades!!""!'?. Improved case
recognition shed light on small outbreaks in Singapore''®, Vietnam!''* and India''® and led to
the first reports of birth defects caused by indigenous ZIKV strains in South East Asia!!'®!"”, In
Africa, where both ZIKV and Ae. aegypti mosquitoes are present, only one human outbreak
was reported in the archipelago of Cape Verde between 2015 and 2017 (ref.!?%). Autochthonous
ZIKV transmission was also detected in Angola during the same time period with four
confirmed acute Zika cases and several suspected cases of microcephaly. Phylogenetic analyses

revealed that the ZIKV strains detected in Cape Verde and Angola belonged to the Asian
lineage and were probably independently imported from Brazil'?!"'?2. So far, the African ZIKV
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lineage has never been detected outside the African continent and never been associated with

epidemic transmission, birth defects or neurological disorders!%%!1°,

Surprisingly, a growing body of experimental evidence, both in vitro and in vivo, points towards
a higher transmissibility and pathogenicity of the African ZIKV strains compared to their Asian
counterparts'!®. African ZIKV strains typically cause more productive and more lethal

86,123-128

infections than Asian strains in cell culture , they are more transmissible by

129-132

mosquitoes and they are associated with more severe pathology in adult mice and mouse

128,133-141

embryos . A few studies, however, reported evidence supporting the opposite

142-144 145,146

conclusion in non-human primates , various cell types and mosquitoes'*’. This
discrepancy may reflect the lack of standard panels of ZIKV strains and/or the scarcity of recent
African ZIKV strains available from public biobanks and laboratory collections. Indeed, most
of the available African ZIKV strains were isolated several decades ago and often underwent
numerous passages in cell culture and/or suckling mouse brains'*’, questioning their biological

relevance for comparative studies and experimental assessments of their epidemic potential.

To more rigorously assess the relative epidemic potential of the Asian and African ZIKV
lineages, we compared their transmissibility by mosquitoes and pathogenicity in
immunocompromised mice using a panel of seven recent, low-passage ZIKV strains
representing the current viral genetic diversity. Using the newly generated empirical data and a

1'8, we performed outbreak simulations in

previously described stochastic agent-based mode
silico to quantify the epidemiological dynamics of each ZIKV strain. Finally, we used a mouse
model of ZIKV-induced microcephaly to evaluate the ability of the ZIKV strains to disrupt

embryonic development in utero.

I11.3 Materials and Methods
Ethics and regulatory information

Human samples. This study used fresh human blood to prepare mosquito artificial infectious
blood meals. For that purpose, healthy blood donor recruitment was organized by the local
investigator assessment using medical history, laboratory results and clinical examinations.
Biological samples were supplied through the participation of healthy adult volunteers
(seronegative for ZIKV) at the ICAReB biobanking platform (BB-0033-00062/ICAReB
platform/Institut Pasteur, ParissBBMRI AO203/[BIORESOURCE]) of the Institut Pasteur in
the CoSImmGen and Diagmicoll protocols, which had been approved by the French Ethical

Committee Ile-de-France I. The Diagmicoll protocol was declared to the French Research
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Ministry under reference 343 DC 2008-68 COL 1. All human subjects provided written
informed consent.

Animal experiments. The mouse experiments conducted at Institut Pasteur were approved by
the Institut Pasteur Animal Ethics Committee (project number dap170045) and authorized by
the French Ministry of Research (authorization number 12861). The Institut Pasteur animal
facility had received accreditation from the French Ministry of Agriculture to perform
experiments on live animals in compliance with the French and European regulations on the
care and protection of laboratory animals (authorization number 75-15-01). Mouse experiments
conducted in Belgium strictly followed the Belgian guidelines for animal experimentation and
the guidelines of the Federation of European Laboratory Animal Science Associations. Mouse
experiments were performed with the approval of the Ethical Committees of the Animal
Research Center of KU Leuven (authorization number P019-2016) and of the University of
Liége (authorization number 16-1837), in accordance with the guidelines of the Belgian
Ministry of Agriculture, and in agreement with the European Community Laboratory Animal
Care and Use Regulations (86/609/CEE, Journal Officiel des Communautés Européennes L358,
18 December 1986).

ZIKYV strains

Seven low-passage ZIKV strains (<5 passages in cell culture) were chosen based on their
geographical origin and year of isolation to best represent the current breadth of ZIKV genetic
diversity (Table S1). ZIKV strains were obtained from the World Reference Center for
Emerging Viruses and Arboviruses at the University of Texas Medical Branch (PRVABCS9,
FSS13025), the Armed Forces Research Institute of Medical Sciences (PHL/2012/CPC-0740,
THA/2014/SV0127-14), the Institut Louis Malard¢ in French Polynesia (PF13/251013-18) and
the Institut Pasteur in Dakar (Kedougou2011, Kedougou2015). High-titered stocks were
prepared and their infectious titers were measured by focus-forming assay'*>'** (FFA) or by
1

plaque assay'’

monoclonal antibody (MAB10216; Merck Millipore) diluted 1:1,000 in phosphate-buffered

in Vero cells. For FFA, a commercial mouse anti-flavivirus group antigen

saline (PBS; Gibco Thermo Fisher Scientific) supplemented with 1% bovine serum albumin
(BSA; Interchim) was used as the primary antibody. The secondary antibody was an Alexa
Fluor 488-conjugated goat anti-mouse antibody (A-11029; Life Technologies) diluted 1:500 in
PBS supplemented with 1% BSA.
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Genome sequencing of ZIKYV strains

The consensus genome sequences of the seven ZIKV strains of the panel were obtained by
high-throughput sequencing'?!"'#. Briefly, RNA was extracted from virus stock using QIAamp
Viral RNA Mini Kit (Qiagen) and treated with TURBO DNase (Ambion). The Senegal 2011
and Senegal 2015 strains also underwent depletion of host ribosomal RNA following a
homemade protocol. cDNA was produced with random hexameric primers (Roche) using M-
MLV (Invitrogen) or Superscript IV (Thermo Fisher Scientific) reverse transcriptase. After
second-strand synthesis with Second Strand Synthesis Buffer (New England BioLabs), dsDNA
was used for library preparation using Nextera XT DNA Kit (Illumina) or NEBNext Ultra II
RNA Library Prep kit (New England Biolabs) according to the manufacturer’s instructions. The
final libraries were checked on a Bioanalyzer (Agilent) and combined with other libraries from
unrelated projects to be sequenced on an Illumina NextSeq 500 instrument (150 cycles, paired
ends). Raw sequencing datasets were deposited to the European Nucleotide Archive database
under accession number PRIEB39677. The sequencing data were processed through a custom
pipeline'>2. Briefly, nucleotides with a quality score <30 were trimmed using Trimmomatic
v0.36 (ref.!>*). Reads were filtered against the Aedes albopictus reference genome using
Bowtie2 v2.3.4.3 (ref.!>*) and the remaining reads were subjected to de novo assembly with the
Ray v2.3.1-mpi tool'> or metaSPAdes'. Scaffolds were subjected to a blastn search in the
nucleotide NCBI database using BLAST v2.2.40 (ref.!>”). The closest hit was used to produce
a chimeric genome sequence that served as a reference to re-map the filtered reads with Bowtie2

v2.3.4.3 and generate a consensus sequence.

Phylogenetic analyses

Genome sequences of ZIKV and Spondweni virus were retrieved from GenBank. The
nucleotide sequences were aligned using MAFFT!3 The phylogenetic analyses were
performed based on nucleotide (open reading frame), amino-acid, and codon alignments using
the maximume-likelihood method with substitution models (GTR+F+G4, FLU+G+R3, and
SCHNO5+FU+R4, respectively) selected with ModelFinder'*®. Support for the tree was
assessed with 1,000 ultrafast bootstrap replicates'®’. The consensus trees were reconstructed
with IQ-TREE v1.6.3 (ref.16h) and visualized in FigTree vl.4.4

(https://github.com/rambaut/figtree/releases). The phylogenetic tree root position was in

agreement among the nucleotide-based tree without an outgroup (midpoint), amino-acid or
codon tree with Spondweni virus as an outgroup, as well as with previously published ZIKV

phylogenetic trees'®?. In addition to the seven genome sequences generated in this study, the
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alignment used to construct the tree included 37 sequences from GenBank (accession numbers:
MK241416; MF574587; KX198135; KU647676; KY693679; KU497555; MF794971;
MKS829154; MHS882540; KY014295; MH063262; KY631494; KY693677; MF434522;
MF801378; KU758877; KU937936; KY693680; KU509998; KX806557; LC191864;
KU963796; MF036115; LC219720; MNI190155; KY241695; MH013290; MK238037;
KX051562; EUS545988; KX377336; MNO025403; MF510857; KU963574; KF268948;
MK105975; KY288905).

Mosquitoes, mice and cell lines

Mosquitoes. All mosquito experiments used the 4" and 5™ generations of an Ae. aegypti colony
established from wild specimens caught in Barranquilla, Colombia, with the exception of the
mouse-to-mosquito transmission experiment that used the 9" generation of an Ae. aegypti
colony from Saint Frangois, Guadeloupe and the 13" generation of an Ae. aegypti colony from
La Lopé, Gabon. Mosquitoes were maintained under controlled insectary conditions (28°+1°C,
12h:12h light:dark cycle and 70% relative humidity)'*. Larvae were reared in dechlorinated
tap water supplemented with a standard diet of Tetramin (Tetra) fish food. Adults were kept in

insect cages (BugDorm) with permanent access to 10% sucrose solution.

Mouse strains. In-house-bred, 6- to 12-week-old male AG129 mice (Marshall BioResources,
Hull, UK), deficient in both interferon (IFN)-o/f and IFN-y receptors, were used for
experimental ZIKV infections. In-house-bred, 10-week-old male and female 129S2/SvPas mice
deficient for IFN-a/f receptors (Ifnarl”), were used for the mouse-to-mosquito ZIKV
transmission assay. Time-mated, wild-type immunocompetent SWISS mice (Janvier Labs,
Saint Berthevin, France) of 8-12 weeks of age were used for ZIKV vertical transmission
experiments. Mice were maintained under standard housing conditions (18-23°C, 14h:10h

light:dark cycle and 40-60% relative humidity).

Cell lines. The Aedes albopictus cell line C6/36 (ATCC CRL-1660) was used for amplification
of all virus stocks and testing of mosquito saliva samples. C6/36 cells were maintained at 28°C
under atmospheric CO; in Leibovitz’s L-15 medium (Gibco Thermo Fisher Scientific) with
10% fetal bovine serum (FBS), 2% tryptose phosphate broth (Gibco ThermoFisher Scientific),
Ix non-essential amino acids (Gibco ThermoFisher Scientific), 10 U/ml of penicillin (Gibco
Thermo Fisher Scientific) and 10 pg/ml of streptomycin (Gibco ThermoFisher Scientific)!3%!1!,
The Cercopithecus aethiops cell line Vero (ATCC CCL-81) was used for titration of virus

stocks by FFA. The C. aethiops cell line Vero E6 (ATCC CRL-1586) was used for titration of
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virus stocks by plaque assay. Vero cells were maintained at 37°C under 5% CO2 in Dulbecco’s
Modified Eagle Medium (Gibco Thermo Fisher Scientific) with 10% FBS, 10 U/ml of

penicillin, and 10 pug/ml of streptomycin!>%!3!,

Mosquito exposure to ZIKYV via artificial blood meals

Mosquitoes were orally challenged with ZIKV by membrane feeding'*’

. Briefly, seven-day-old
females deprived of sucrose solution for 24 hours were offered an artificial infectious blood
meal for 15 min using a Hemotek membrane-feeding apparatus (Hemotek Ltd.) with porcine
intestine as the membrane. Blood meals consisted of a 2:1 mix of washed human erythrocytes
and ZIKV suspension. Adenosine triphosphate (Merck) was added to the blood meal as a
phagostimulant at a final concentration of 10 mM. Fully engorged females were sorted on wet
ice, transferred into 1-pint cardboard containers and maintained under controlled conditions
(28°+1°C, 12h:12h light:dark cycle and 70% relative humidity) in a climatic chamber with
permanent access to 10% sucrose solution. After 7, 10, 14, and 17 days of incubation,
mosquitoes were paralyzed with triethylamine to collect their saliva in vitro. The proboscis of
each female was inserted into a 20-ul pipet tip containing 10 pl of FBS. After 30 min of
salivation, the saliva-containing FBS was mixed with 30 pl of Leibovitz’s L-15 medium (Gibco
Thermo Fisher Scientific), and stored at —80°C for later testing. The saliva samples were
subsequently thawed and inoculated onto C6/36 cells for ZIKV detection by FFA as described
above without subsequent dilution. Mosquito bodies were homogenized individually in 300 pl
of squash buffer (Tris 10 mM, NaCl 50 mM, EDTA 1.27 mM with a final pH adjusted to 8.2)
supplemented with 1 pl of proteinase K (Eurobio Scientific) for 55.5 pl of squash buffer. The
body homogenates were clarified by centrifugation and 100 ul of each supernatant were
incubated for 5 min at 56°C followed by 10 min at 98°C to extract viral RNA. Detection of
ZIKV RNA was performed using a two-step RT-PCR reaction to generate a 191-bp amplicon
located in a conserved region of the ZIKV genome between the 3 end of the NS/ gene and the
5’ end of the NS24 gene. Total RNA was reverse transcribed into cDNA using random
hexameric primers and the M-MLYV reverse transcriptase (Thermo Fisher Scientific) according
to the following program: 10 min at 25°C, 50 min at 37°C and 15 min at 70°C. The cDNA was
subsequently amplified using DreamTaq DNA polymerase (Thermo Fisher Scientific). For this
step, 20-pl reaction volumes contained 1% of reaction mix and 10 uM of each primer, whose
sequences are provided in Table S3. The thermocycling program consisted of 2 min at 95°C,
35 cycles of 30 sec at 95°C, 30 sec at 60°C, and 30 sec at 72°C with a final extension step of 7

min at 72°C. Amplicons were visualized by electrophoresis on a 2% agarose gel.
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Mouse-to-mosquito ZIKYV transmission assay

Ten-week-old 129S2/SvPas Ifnarl” mice (males and females) were intraperitoneally injected
with a 200-pl inoculum containing 10° focus-forming units (FFU) of ZIKV (Cambodia 2010
strain). From day 1 to day 5 post inoculation, mice were anesthetized daily using 80 mg/kg of
ketamine and 5 mg/kg of xylazine administered by the intraperitoneal route. Each anesthetized
mouse was placed on the netting-covered top of two 1-pint cardboard boxes, each containing
25 two- to four-day-old Ae. aegypti females either from Guadeloupe or Gabon colonies, which

differ significantly in their ZIKV susceptibility'6?

. Mosquitoes previously deprived of sucrose
solution for 24 hours were allowed to blood feed on the mouse for 15 min. Fully engorged
females were sorted on wet ice, transferred into fresh 1-pint cardboard containers and
maintained under controlled conditions (28°t1°C, 12h:12h light:dark light cycle and 70%
relative humidity) in a climatic chamber with permanent access to 10% sucrose solution. After
14 days of incubation, saliva and bodies were collected and analyzed by FFA and RT-PCR as

described above.

ZIKYV experimental infections of immunocompromised mice

Survival. AG129 mice (6- to 12-week-old males) were intraperitoneally injected with 10° PFU
of ZIKV (2 x 5 mice per ZIKV strain). Upon infection, mice were observed daily for changes
in body weight and clinical symptoms of virus-induced disease including dehydration, hunched
back, and paralysis. Mice were euthanized when body weight loss was >20% or when other
humane endpoints were met according to the ethical guidelines. During days 1-8 of infection,
mice were bled by submandibular puncture to monitor viremia kinetics. Plasma viremia was
measured every other day from two alternating sub-groups of 5 mice each. Upon euthanasia,
the brain, spinal cord, testis, and epididymis were collected and blood was collected by
intracardiac puncture. After collection, tissues were immediately placed on dry ice and stored

at —80°C until further processing.

Tissue tropism. AG129 mice (6- to 12-week-old males) were intraperitoneally injected with 1
PFU (8 mice per ZIKV strain). Upon infection, mice were observed daily for changes in body
weight and clinical symptoms of virus-induced disease in case euthanasia would be required
based on humane endpoints. Mice were bled by submandibular puncture on days 3, 4, and 5
post infection. On day 7 post infection, all animals were sacrificed and blood was collected by
intracardiac puncture. All animals were euthanized by intraperitoneal injection of Dolethal

(Vétoquinol). The brain, spinal cord, testis, epididymis, heart, liver and kidney were collected
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after transcardial perfusion with PBS. After collection, tissues were immediately placed on dry

ice and stored at —80°C until further processing.

ZIKYV vertical transmission in immunocompetent mice

Intraplacental injections. Timed-mated, wild-type pregnant SWISS dams (8- to 12-week-old)
were housed under standard conditions and allowed to acclimate for at least 24 hours upon
receipt with access to food and water ad libitum. The surgeries were performed at the same time
of day, with noon of the day after mating set as embryonic (E) 0.5. Preoperative analgesia was
administered subcutaneously with 0.1 mg/kg of buprenorphine (Temgesic) before induction of
anesthesia with isoflurane (Abbot Laboratories Ltd.) in an oxygen carrier. A 1.0- to 1.5-cm
incision was performed through the lower ventral peritoneum and the uterine horns were careful
extracted onto warm humidified gauze pads. The intraplacental injections of embryos were
performed at E10.5 (ref.3%). The fast green dye concentration was 0.05% and placenta was
injected with either ZIKV or mock medium. The animals were randomly assigned to receive a

1.0- to 2.0-pl injection of mock medium or ZIKV stock containing 5x10° PFU/ml.

Immunohistochemistry. After dissection, E18.5 mouse heads and E14.5 embryos were fixed in
4% paraformaldehyde in PBS for 24h at 4°C. Brains were dissected in 0.1 M PBS (pH 7.4).
E18.5 brains and E14.5 embryos were cryoprotected (20% sucrose in PBS) before being
embedded in OCT (Richard-Allan Scientific Neg-50 Frozen Section Medium, Thermo
Scientific) for cryosectioning 14-um sections for brains and 20-pm sections for embryos
(Leica) onto slides (SuperFrost Plus, VWR International). For fluorescence
immunohistochemistry®, a solution of antigen retrieval (Dako Target Retrieval Solution) was
pre-heated at 95°C for 40 min and antigen retrieval of mouse brains and whole embryos were
performed at 95°C for 5 min before incubation with primary antibodies. The primary antibodies
were rabbit anti-cleaved caspase 3 (1:300, #9661, Cell Signaling Technologies), mouse anti-
flavivirus group antigen (1:800, MAB10216, Merck Millipore) and goat anti-Ibal (1:300,
ab5076, Abcam). The respective secondary antibodies were donkey anti-rabbit, anti-mouse and
anti-goat antibodies conjugated with Alexa Fluor-488, Alexa Fluor-555, and Alexa Fluor-647
(A-21206, A-31570, A-21447, Life Technologies) and diluted 1:1,000. Nuclei were
counterstained with DAPI (1:1,000, Sigma) and mounted in Dako Fluorescence Mounting

Medium (Agilent).

Image acquisition and processing. Immunofluorescence images of embryonic brains (E18.5)

and internal organs (E14.5) were acquired in magnified fields (20x and 25x) with either Nikon
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Al or Zeiss LSM 880 AiryScan Elyra S.1 confocal microscopes and further processed with
ImageJ 1.42q 276 (Wayne Rasband, National Institutes of Health), Fiji (v2.0.0-rc-54/1.51 h,
https://imagej.net/Fiji) and Zen (Blue edition, Carl Zeiss Microscopy GmbH) software.

ZIKYV detection and quantification in mouse samples

Quantification of ZIKV RNA by qRT-PCR. Total RNA was isolated from microdissected
embryonic mouse (E14.5) tissues using Trizol (Ambion, Life Technologies) according to the
manufacturer’s protocol. For adult mouse samples, sections of whole tissue were weighed and
transferred to 2-ml Precellys tubes containing 2.8-mm zirconium oxide beads (Bertin
Instruments). RLT lysis buffer (RNeasy Mini Kit, Qiagen) was added at a ratio of 19 times the
weight of the tissue section. Tissue sections were homogenized in three cycles at 6,800 Hz with
30-sec intervals using the Precellys24 homogenizer (Bertin Instruments). Homogenates were
cleared by centrifugation (10 min, 14,000 rcf, 4°C) and total RNA was extracted from the
supernatant using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. For
plasma samples, viral RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel)
following the manufacturer’s instructions. Viral RNA was eluted in 50 ul of RNase-free water.
Quantification of ZIKV genome copy numbers was performed by quantitative reverse
transcription PCR (qQRT-PCR) using the Applied Biosystems 7500 Fast Real-Time PCR System
(Thermo Fisher Scientific). The Asian ZIKV strains were detected and quantified using a
specific primer pair and a double-quenched probe (Integrated DN A Technologies). The African
ZIKYV strains were detected and quantified using the same probe as for the Asian ZIKV strains
but a different primer pair to accommodate several mismatches. Standard curves were generated
based on 10-fold serial dilutions of gBlock synthetic oligonucleotides (Integrated DNA
Technologies) whose sequences were specific to the Asian and African ZIKV lineages. Ct
values were converted into a relative number of ZIKV RNA copies/mg of tissue or ml of plasma
using the formula y=a*In(x)+b, where a is the slope of the standard curve, b is the y-intercept

of the standard curve and y is the Ct value for a specific sample.

Endpoint titration of infectious ZIKV. The amount of infectious virus present in brain and testis
samples was estimated by 50% tissue-culture infectious dose (TCIDso) endpoint titration.
Tissue sections were weighed and homogenized in 500 pl of Vero E6 cell culture medium (with
2% FBS) as described above. The homogenates were cleared by centrifugation (10 min, 14,000
rcf, 4°C). Vero E6 cells were seeded at a density of 1x10* cells/well in 96-well microtiter plates
and incubated overnight. The next day, they were inoculated with triplicate 10-fold serial

dilutions of the supernatant samples. After 7 days of incubation, the cells were examined
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microscopically for virus-induced cytopathic effects. A well was scored positive if any signs of
virus-induced cytopathic effects were observed compared to the uninfected control cells. The

TCIDso/mg tissue was calculated using the method of Reed and Muench!®*,

Statistics

Statistical analyses were performed using JMP v10.0.2 (www.jmpdiscovery.com), GraphPad

Prism v8.02 (www.graphpad.com) and the packages car, userfriendlyscience and DescTools of

R v3.6.0 (www.r-project.org). Binary variables were analyzed by logistic regression followed

likelihood-ratio % tests. Body weight and logio-transformed viremia levels were compared by
repeated measures analysis (restricted maximum likelihood method) using a mixed model in
which ZIKV strain was nested within lineage, and mouse (random effect) was nested within
ZIKYV strain. Other continuous variables were analyzed by analysis of variance (ANOVA) when
the underlying assumptions were satisfied. They were analyzed by Brown-Forsythe and Welch
ANOVA when the homoscedasticity assumption was unmet and by Kruskal-Wallis rank-sum
test when both the normality and the homoscedasticity assumptions were unmet. Survival
curves were compared by log-rank test. Differences were considered statistically significant

when p<0.05.

Epidemiological modeling
Model overview. To assess the epidemiological potential of ZIKV strains from empirically
observed variation in mosquito infection dynamics, stochastic agent-based simulations were

performed using the R package nosoi'*® (available from https:/github.com/slequime/nosoi).

This modeling framework accounts for the influence of within-host infection dynamics on
transmission probability during mosquito-human infectious contacts in a full epidemiological

t165

context ™. Virus transmission was assumed to only occur either between an infected human

and an uninfected mosquito, or between an infected mosquito and an uninfected human. Sexual

t166,167 and

and vertical transmission modes were considered epidemiologically insignifican
ignored in the model, and so were superinfections. The human and mosquito populations were
considered homogeneous. Mosquito daily survival probability was set to 0.85 (ref.!¢®). The
daily number of mosquitoes biting a human was drawn from a Poisson distribution (A=2.1)

assuming a daily biting probability of 0.7 (ref.!®?) and a relative mosquito density of 3 (ref.!%%).

Human-to-mosquito transmission. Probabilities of human-to-mosquito ZIKV transmission
were inferred from empirical data obtained with the mouse-to-mosquito transmission assay

described above (Fig. S1). Mean transmission probabilities (i) and their standard deviations
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(sd) were estimated from the infection rates of mosquitoes tested by RT-PCR 14 days post
infectious blood meal as described above. Transmission probabilities were used to derive a beta
distribution of parameters o=((1—w)/sd*~1/p)*p*> and P=o*(1/p—1) from which daily
transmission probability for each simulated human was drawn until 6 days post infection. The

parameters governing human-to-mosquito transmission were shared among all ZIKV strains.

Mosquito-to-human transmission. The cumulative proportion of infectious mosquitoes over
time for each ZIKV strain was described by a two-parameter log-logistic model using the drm
function in the R package drc!’®. This model (LL.2 equation in the drm function) has a lower
limit fixed at 0 and an upper limit fixed at 1 and is given by the formula:
f(x,(b,e))=1/(1+exp(b*log(x)—e)). The probability of mosquito-to-human transmission for each
contact between a human and an infected mosquito was determined by the predicted
transmission probability inferred for each ZIKV strain. For each mosquito, an individual
extrinsic incubation period (EIP) was drawn from the empirically determined log-logistic
distribution of EIP values (location = log(e), scale = 1/b). The EIP value was used as a threshold
for the individual probability of virus transmission over time. Transmission probability was 0%

before the EIP and 100% after the EIP.

Implementation. Epidemiological simulations were run in R v3.6.0 using the packages foreach

(https://cran.r-project.org/web/packages/foreach/foreach.pdf),  doParallel  (https://cran.r-

148

project.org/web/packages/doParallel/doParallel.pdf), and nosoi The custom code is

provided in Supplementary Software 1. Briefly, simulations were initiated with one infected
human and zero infected mosquitoes and run for 400 days or until 100,000 humans or 1,000,000
mosquitoes were reached, whichever occurred first. A total of 100 independent replicate

simulations were run for each ZIKV strain.
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I11.4 Results

To perform a comprehensive phenotypic characterization in both mosquito and mouse models,
we assembled a set of seven recently isolated ZIKV strains based on their broad phylogenetic
coverage, worldwide geographical distribution and minimal passage history. Our ZIKV panel
included two recent strains from the African lineage (Senegal 2011; Senegal 2015), three non-
epidemic strains from the Asian lineage (Philippines 2012, Cambodia 2010, Thailand 2014)
and two epidemic strains from the Asian lineage (F Polynesia 2013, Puerto Rico 2015)

(Table S3.1; Fig. 3.1).
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Figure 3.1: Phylogenetic position of ZIKYV strains used in this study.

The phylogenetic tree shows the seven ZIKV strains of the panel (in bold) among a backdrop of ZIKV strains spanning the
current viral genetic diversity. The colored background represents the geographic origin of ZIKV strains. The consensus tree
was generated from 1,000 ultrafast bootstrap replicate maximum likelihood trees, using a GTR+F+G4 nucleotide substitution
model of the full ZIKV open reading frame. The tree is midpoint rooted and the root position is verified by the Spondweni
virus outgroup on amino-acid and codon-based trees. Support values next to the nodes indicate ultrafast bootstrap proportions
(%) and the scale bar represents the number of nucleotide substitutions/site.
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I11.4.1 African ZIKYV strains are more transmissible by mosquitoes than Asian strains

To evaluate variation in transmissibility by wild-type Ae. aegypti between the ZIKV strains, we
examined the mosquito infection rate (proportion of blood-fed mosquitoes with body infection,
determined by RT-PCR) and transmission efficiency [proportion of blood-fed mosquitoes with
infectious saliva, determined by focus-forming assay FFA)] following exposure to an artificial
infectious blood meal. We monitored infection rate and transmission efficiency from day 7 to
day 17 post oral exposure because transmission rarely occurs and infection rates can be
underestimated at earlier time points'’!. In a first experiment, mosquitoes were orally exposed
to a relatively high dose of the five Asian ZIKV strains and of the Senegal 2015 strain.
Experimental variation in infectious dose was minimal between the ZIKV strains, ranging from
5.6 to 5.8 logio focus-forming units (FFU) per ml of artificial blood meal. Based on a typical
blood meal size of 2.5 pul'"2, this corresponded to an ingested dose ranging from 995 to 1,577
FFU per Ae. aegypti female. The mosquito infection rates were consistently high, ranging from
82% to 100% across ZIKV strains and time points (Fig. 3.2a). They did not differ statistically
at any of the time points with the exception of day 7 (logistic regression: p=0.0155). In contrast,
the transmission efficiency of the Senegal 2015 strain was significantly higher at all time points
(logistic regression: p=0.0224 on day 7 and p<0.0001 at later time points), reaching 83% of
infectious mosquitoes at the end of the time course (Fig. 3.2b). Infectious viral particles were
detected in mosquito saliva as early as 7 days post blood meal for the Senegal 2015 strain and
only after 10 days for the Cambodia 2010 strain, 14 days for the Philippines 2012,
F Polynesia 2013 and Puerto Rico 2015 strains, and 17 days for the Thailand 2014 strain.
Final transmission efficiency also differed between Asian strains, ranging from 10% for the

Thailand 2014 strain to 50% for the F_Polynesia 2013 strain on day 17 post blood meal.

Next, we tested whether the superior transmissibility of the Senegal 2015 strain was
representative of the African ZIKV lineage or specific to this strain. We conducted a second
experiment that included the two African ZIKV strains of the panel and the F_Polynesia 2013
strain, which was the best-transmitted Asian strain in the first experiment. To avoid saturation
and increase our ability to detect differences in infection rate, we used a lower infectious dose
(4.7-4.8 logio FFU/ml) than in the first experiment. Based on a typical blood meal size of 2.5
ul'”, this corresponded to an ingested dose ranging from 125 to 158 FFU per mosquito. The
infection rates remained relatively high (68%—-93%) for the two African strains, whereas it was
significantly lower at all time points for the F_Polynesia 2013 strain (logistic regression:

p=0.0384 on day 17 and p<0.0001 at earlier time points), increasing from 24% on day 7 to 59%
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on day 17 (Fig. 3.2¢). The difference was more striking (logistic regression: p=0.1086 on day
7 and p<0.0003 at later time points) for the transmission efficiency (Fig. 3.2d). Between day 7
and day 17, transmission efficiency of the Senegal 2015 and Senegal 2011 strains increased
from 0% to 52% and from 7% to 70%, respectively, whereas no infectious particles were
detected in any of the saliva samples collected from mosquitoes infected with the
F Polynesia 2013 strain throughout the time course. These results indicate that ZIKV strains

of the African lineage, in general, display a significantly higher transmission potential than

ZIKYV strains of the Asian lineage.
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Figure 3.2: Mosquito infection rate and transmission efficiency of African and Asian ZIKYV strains.

Wild-type Ae. aegypti mosquitoes from Colombia were orally exposed to ZIKV and collected on day 7, 10, 14 and 17 post infectious blood
meal to analyze their carcasses and saliva samples collected in vitro. Infection rates and transmission efficiencies over time are shown for each
ZIKV strain tested after oral exposure to a high dose (5.6-5.8 logio FFU/ml) (a, b) or a low dose (4.7-4.8 log,o FFU/ml) (¢, d) of virus.
Infection rate is the proportion of ZIK V-positive carcasses among all blood-fed mosquitoes (determined by RT-PCR). Transmission efficiency
is the proportion of blood-fed mosquitoes with infectious saliva (determined by FFA). The data points represent the empirically measured
proportions, and their size is proportional to the sample size (high dose: n»=18-30 mosquitoes per group; low dose: #=29-37 mosquitoes per
group). The lines represent the logistic regression results and the shaded areas are the 95% confidence intervals of the logistic fits. Source data

are provided as a Source Data file.
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To translate the observed variation in transmissibility between ZIKV strains into differences in
epidemic risk, we incorporated our empirical data into a stochastic agent-based model to
perform outbreak simulations in silico. Mosquito-to-human ZIKV transmission events in the
simulations were governed by log-logistic regression parameters (Table S2) estimated from the
ZIKYV strain-specific data obtained in the high-dose experiment described above (Fig. 3.2a and
2b). Human-to-mosquito transmission events depended on shared parameters among the ZIKV
strains, which were derived from an independent experiment in which batches of naive
mosquitoes from Guadeloupe were allowed to feed daily on ZIKV-infected mice
(Cambodia 2010 strain) during the course of their viremic period (Fig. S1). The magnitude of
the outbreak was defined according to the number of secondary infections in a simulated
population of 100,000 humans, ranging from a lack of outbreak (no secondary infection), to
small-scale outbreaks (<100 secondary infections) and to large-scale outbreaks (>100
secondary infections). All ZIKV strains were able to cause secondary human infections,
however the risk and magnitude of the outbreak greatly varied among the strains (Fig. 3.3). The
proportion of simulations resulting in at least one secondary human infection ranged from 21%
(Puerto_Rico 2015) to 63% (Senegal 2015). The proportion of small-scale outbreaks ranged
from 2% (Senegal 2015) to 23% (Thailand 2014) and the proportion of large-scale outbreak
ranged from 9% (Thailand 2014) to 61% (Senegal 2015). We did not observe a clear
association between the epidemic or non-epidemic status of the ZIKV strains and the
probability and magnitude of outbreaks. Using a less susceptible mosquito population from
Gabon to model human-to-mosquito transmission events (Fig. S3.1) resulted in reduced
epidemic potential for all ZIKV strains (Fig. S3.2). Together, the simulation results indicate
that the higher transmissibility of the African ZIKV strains in our laboratory experiments
translates into a markedly higher probability and size of human outbreaks predicted by our

epidemiological model.
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Figure 3.3: Simulated effect of empirical variation in ZIKV transmissibility on the risk and magnitude of human outbreaks.
A stochastic agent-based model was run 100 times based on the experimentally determined kinetics of mosquito transmission of six ZIKV
strains. Other parameters of the model, such as the mosquito biting rate and infection dynamics within the human host, were shared between

viruses. The figure shows the proportion of simulated outbreaks that resulted in >100, <100 and no secondary human infections.

I11.4.2 African ZIKYV strains are more lethal than Asian strains in immunocompromised
adult mice

To assess the ability of ZIKV strains to cause more or less severe disease in a mammalian
model, we inoculated AG129 mice with 10° plaque-forming units (PFU) of ZIKV and
monitored their viremia, body weight and clinical signs of disease. Viremia levels ranged from
4.71 t0 9.15 logio viral RNA copies/ml of plasma and peaked on day 3 post infection except for
the Philippines 2012 strain, for which viremia peaked on day 2 (Fig. S3.3). Across the viremic
period, the average viremia level was 7.04 logio viral RNA copies/ml for the African ZIKV
lineage and 6.60 logio viral RNA copies/ml for the Asian ZIKV lineage. Accounting for
differences between strains within each ZIKV lineage and the random effect of individual mice,
we found that the kinetics of viremia differed significantly between the Asian and the African
ZIKV lineages (repeated measures analysis: p<0.0001). The viremia levels of African ZIKV
strains increased with a lag but to higher levels during days 1-3 post infection, decreased faster
during days 4-5 post infection, and increased again during days 5-6 post infection, relative to
the Asian strains (Fig. S3.3). During the first 6 days of infection, the average body weight of
mice infected with Asian ZIKV strains was 100.2% (range: 85.8%—109.0%) of their initial
weight, however it was 92.8% (range: 74.4%—104.7%) for mice infected with African ZIKV
strains (Fig. 3.4a). Accounting for differences between strains within each ZIKV lineage and
the random effect of individual mice, the kinetics of body weight differed significantly between
the Asian and the African ZIKV lineages (repeated measures analysis: p<0.0001). Mice

infected with African ZIKV strains lost significantly more weight than mice infected with the
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Asian strains during days 3-6 post infection (Fig. 3.4a). Following infection, mouse survival
differed significantly between ZIKV strains (log-rank test: p<<0.0001). All mice infected with
the African ZIKV strains became morbid and reached humane endpoints on day 6 post infection
(Fig. 3.4b). In contrast, mice infected with the Asian strains developed disease symptoms
significantly later and only started to reach humane endpoints from day 9 post infection
onwards. Their median time to death ranged from 10 to 10.5 days, with the exception of the
Thailand 2014 strain for which 50% of the mice were still alive at the end of the follow-up
period (Fig. 3.4b). These results show that both of our African ZIKV strains are more

pathogenic overall than their Asian counterparts in immunocompromised adult mice.

AG129 mice are highly permissive to ZIKV!*! and viremia levels may thus easily saturate when
they are inoculated with a high dose of virus. To avoid saturation and enhance our ability to
detect differences in viral RNA levels in plasma and tissues, and to delay the onset of disease
in mice infected with the African ZIKV strains, we performed another experiment with a 1,000-
fold lower inoculum (1 PFU). This experiment included both African ZIKV strains and two
Asian ZIKV strains recapitulating the variation seen in the previous experiment. The
Thailand 2014 strain was chosen as a pre-epidemic strain displaying the most attenuated
phenotype and the epidemic F_Polynesia 2013 strain represented the other Asian ZIKV strains.
Surprisingly, using a 1,000-fold lower inoculum delayed the onset of disease by only one day
for the African ZIKV strains, for which all mice had to be euthanized on day 7 post infection.
This result clearly highlighted the higher pathogenicity of the African ZIKV lineage. To enable
a proper comparison of viral RNA levels in mouse tissues between ZIKV strains, all the other
mice were also euthanized on day 7 post infection to collect their organs. Lowering the
inoculum delayed the peak of viremia in all ZIKV-infected mice, which occurred on day 5 post
infection for the F_Polynesia 2013 strain and on day 4 for the other ZIKV strains (Fig. 3.4c).
The level of plasma viremia was overall significantly higher (repeated measures analysis:
p<0.0001) and decreased more sharply during days 4-5 post infection (»p<0.0001) for the
African ZIKV strains than for the Asian ZIKV strains (Fig. 3.4c). Likewise, viral RNA levels
measured in organs collected on day 7 post infection were consistently higher for the mice
infected with the African ZIKV strains (Fig. 3.4d). African ZIKV strains resulted in
significantly higher viral loads than Asian strains in the brain (p<0.0001), spinal cord
(»<0.0001), testis (»<0.0001), kidney (p<0.0001), and heart (p<0.0001). We confirmed that
differences in viral RNA levels translated into differences in infectious titers in brain and testis

samples, for which sufficient material was available to also perform endpoint titrations. Indeed,
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we found that African ZIKV strains were associated with significantly higher levels of
infectious virus in the brain (p<0.0001) and testis (p<0.0001) of infected mice than Asian strains
(Fig. 3.4e). These results indicate that whereas ZIKV strains from both lineages can cause
systemic infections with similar organ tropism in this mouse model, the African strains are more

pathogenic and result in significantly higher morbidity and mortality.
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Figure 3.4: Pathogenicity of African and Asian ZIKV strains in immunocompromised adult mice.

In a first experiment (a-b), male AG129 mice were inoculated with 10° PFU of ZIKV. Each virus strain was represented by n=10 mice, with
the exception of the F_Polynesia 2013 and Philippines 2012 strains that were represented by #=8 mice. (a) Mouse weight over time is shown
as the percentage of body weight prior to infection (mean + standard error). (b) Mouse survival over time is shown as the percentage of mice
alive. Mice were euthanized when reaching humane endpoints (weight loss >20% or/and severe symptom onset). In a second experiment (c-
e), male AG129 mice were inoculated with 1 PFU of ZIKV (n=8 mice per strain). (¢) Time course of mouse viremia is shown in logo-
transformed viral genome copies per ml of plasma (mean =+ standard error). Three extreme outliers were excluded for the Senegal 2015 strain.
(d) Viral loads in organs collected on day 7 post infection are shown in logo-transformed viral genome copies per mg of tissue. Statistical
significance of differences was determined by one-way ANOVA followed by Tukey’s post-hoc test for brain, heart and testis, by Brown-
Forsythe and Welch ANOVA followed by Games-Howell’s post-hoc test (two-sided) for epididymis and spinal cord, and by Kruskal-Wallis
rank sum test followed by Dunn’s post-hoc test (two-sided) for kidney. Viral loads were significantly higher for African than for Asian ZIKV
strains in the brain (p<0.0001), spinal cord (p<0.0001), testis (p<0.0001), kidney (p<0.0001), and heart (»p<0.0001). (e) Infectious virus in brain
and testis collected on day 7 post infection are shown in log,,-transformed 50% tissue-culture infectious dose (TCIDsy) per mg of tissue. The
horizontal dotted line indicates the lower limit of detection of the assay (310 TCIDs, units per mg of tissue). Statistical significance of
differences was determined by Kruskal-Wallis rank-sum test followed by Steel-Dwass’s post-hoc test for brain and by one-way ANOVA
followed by Tukey’s post-hoc test for testis. Infectious titers were significantly higher for African than for Asian ZIKV strains in the brain
(»<0.0001) and testis (p<0.0001). In (d-e), data are presented as mean + standard deviation and ZIKV strains not sharing a letter above the

graph are statistically significantly different (»<0.05). Source data are provided as a Source Data file.
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I11.4.3 African ZIKYV strain causes fetal death in immunocompetent mice

To investigate differences in vertical transmission phenotypes between ZIKV strains, we used
a recent model of ZIKV-induced microcephaly by intraplacental injection in mouse
embryos®*!73. We first performed intraplacental injections of the Senegal 2015, Thailand 2014
and F_Polynesia 2013 ZIKYV strains into the labyrinth of SWISS mouse embryos at E10.5 and
compared the infection outcomes at E14.5. We observed subcutaneous edema in E14.5 embryos
4 days after intraplacental ZIKV injection for all strains (Fig. S3.4). Subcutaneous edema was
significantly more frequent (»<0.0012) in embryos infected with the Senegal 2015 strain (91%;
n=11) than in embryos infected with the Thailand 2014 strain (30%; n=16), the
F Polynesia 2013 strain (6%; n=16), or mock-injected embryos (0%; n=10). We next
compared the extent of ZIKV systemic infection in E14.5 embryos following intraplacental
injection at E10.5. ZIKV immunolabeling showed a comparable distribution of all ZIKV strains
in brain, lung, heart, liver, intestine, eye, spinal cord and atriums of infected embryos (Fig. 3.5a;
Fig. S3.5). The overall immunofluorescence staining was stronger for the Senegal 2015 and
Thailand 2014 strains relative to the F Polynesia 2013 strain. We confirmed these
observations quantitatively by measuring viral RNA levels in the brain, lung, heart, liver and
intestine. In all organs, viral loads differed significantly between ZIKV strains (p<0.0277), with
the F_Polynesia 2013 strain consistently resulting in significantly lower viral loads than the

Senegal 2015 strain, as well as the Thailand 2014 strain in most organs (Fig. 3.5b).
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Figure 3.5: Organ tropism and viral load of African and Asian strains of ZIKYV in vertically infected mouse embryos. Immunocompetent
mouse embryos were infected at E10.5 by intraplacental injection of 500-1,000 PFU of ZIKV and analyzed at E14.5 by microdissection. (a)
Immunolabeling of embryonic brain, lung, heart, liver and intestine sections representative of each ZIKV strain tested (#=3 embryos per strain).
Blue, green and red colors indicate DAPI, anti-cleaved caspase 3 (ACC3) and ZIKV stainings, respectively. The scale bars represent 200 um. (b)
Viral load of embryonic brain, lung, heart, liver and intestine are shown for each ZIKV strain in viral genome copies per organ. Data are presented
as mean =+ standard deviation and represent n=6 mice for the Senegal 2015 and F_Polynesia 2013 strains and »=8 mice for the Thailand 2014
strain. Statistical significance of the differences was determined by one-way ANOVA followed by Tukey’s post-hoc test and is only shown when
significant (***p<0.001; **p<0.01; *p<0.05). Viral loads differed significantly between ZIKV strains (»p<0.0277) in all organs. Source data are

provided as a Source Data file.
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To measure the impact of different ZIKV strains on embryonic brain development, we
performed intraplacental injections at E10.5 and examined embryos at E18.5. Injection of the
Senegal 2015 strain caused massive resorption resulting in the death of all infected embryos
harvested at E18.5 (Fig. 3.6a). In contrast, infection with the Asian ZIKV strains
(F_Polynesia 2013 and Thailand 2014) was not lethal to E18.5 embryos but resulted in a
significant reduction (p<0.05) in head weight (Fig. 3.6¢), cortical thickness (Fig. 3.6b and 6e)
and number of cortical cells (Fig. 3.6f) compared to the mock-injected embryos. In addition,
we detected a significant reduction in brain weight (Fig. 3.6d) and ventriculomegaly (Fig. 3.6b
and 6g) with the Thailand 2014 strain but not the F Polynesia 2013 strain. Together, these
results show that ZIKV strains with higher levels of infection at E14.5 are also associated with
more severe phenotypes at E18.5. The Senegal 2015 strain caused embryonic death before
E18.5 and the Thailand 2014 strain resulted in more pronounced microcephaly and

ventriculomegaly than the F_Polynesia 2013 strain.
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Figure 3.6: Brain phenotypes of mouse embryos vertically infected with African and Asian strains of ZIKV. Immunocompetent mouse
embryos were infected at E10.5 by intraplacental injection of 500-1,000 PFU of ZIKV and analyzed at E18.5 by microdissection. (a)
Representative view of E18.5 embryos (top) and dorsal view of E18.5 embryonic brains (bottom) after mock injection (left; n=10) or infection
by the Senegal 2015 ZIKV strain (right; n=7). (b-g) Analyses of in utero brain development of E18.5 mouse embryos after mock injection
(n=7 for head and brain measurements and n=5 otherwise) or infection by the Thailand 2014 (n=9 for head and brain measurements and n=6
otherwise) or the F_Polynesia 2013 (n=6) ZIKV strains. (b) Immunolabeling of embryonic brain sections representative of each ZIKV strain
tested (top: full view; bottom: enlarged area within white frame). Blue, green and red colors indicate DAPI, anti-cleaved caspase 3 (ACC3)
and ZIKV stainings, respectively. The scale bars represent 200 um. (¢, d) Embryonic heads and brains were examined morphologically by
measuring (¢) head weight and (d) brain weight normalized to head weight. (e, f) Microcephalic phenotypes were assessed by measuring (e)
cortical thickness and (f) number of DAPI-positive cells. (g) Ventriculomegaly was estimated by measuring the ventricle area. In (c-g) data are
presented as mean + standard deviation. Statistical significance of differences was determined by Brown-Forsythe and Welch ANOVA
followed by Tamhane’s T2 multiple comparison test (two-sided). Only statistically significant differences are shown (***p<0.001; **p<0.01;
*p<0.05). Embryos infected with the F Polynesia 2013 and Thailand 2014 ZIKV strains had a significantly smaller head weight, cortical

thickness and number of cortical cells than the mock-injected embryos (p<0.05).
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II1.5 Discussion

By comparing seven ZIKV strains representing the current breadth of viral genetic diversity
worldwide, this study provides clear experimental evidence that recent African strains are more
transmissible and potentially more pathogenic than Asian strains. In our experiments, ZIKV
strains of the African lineage were more infectious to and were transmitted faster by wild-type
Ae. aegypti mosquitoes from Colombia, translating into a higher epidemic potential in outbreak
simulations. In addition, ZIKV strains of the African lineage were more pathogenic to
immunocompromised adult mice and caused massive resorption and embryonic death in

immunocompetent mouse embryos infected in utero by intraplacental injection.

Assessing ZIKV pathogenicity in the vertebrate host is complicated by the limited number of
animal models that are available. Non-human primate infections closely emulate human
infections but they raise ethical issues and are generally restricted to vaccine and drug
development'’*. Several models of ZIKV pathogenesis in adult mice have been developed that
recapitulate various features of human disease'**!7>!7¢ In general, wild-type mice can be
infected with ZIKV but they do not develop overt clinical illness and little or no viremia'*. In
contrast, mice lacking the ability to produce or respond to type I interferon typically develop
severe neurological disease associated with high viral loads in key organs and substantial
lethality. We used immunocompromised AG129 mice (deficient in interferon o/f and y
receptors) as a convenient proxy to assess pathogenesis in our panel of ZIKV strains. These
mice are very susceptible to ZIKV infection'®!, making them highly suitable to monitor viral
kinetics and disease manifestations. ZIKV strains of the African lineage caused significantly
more morbidity and mortality than did their Asian counterparts, despite a similar tissue tropism.
Of note, the level of pathogenicity observed in the immunocompromised adult mice model was
not associated with the epidemic or non-epidemic status of the Asian ZIKV strains. ZIKV also
has the potential to antagonize innate immune responses of the host, which may involve various
ZIKV proteins® 1124177 The mechanism by which the antagonistic effect is brought about may
be shared by ZIKV strains from both lineages**!’®, may be strain- or lineage-dependent'**!7°,
or has only been described for specific ZIKV strains*’. However, immunocompromised mouse
models are not suitable for comparing the ability of ZIKV strains to suppress or evade the host’s

immune system, which may additionally contribute to their epidemic potential.

Our findings from the mosquito infection experiments and the immunocompromised mouse

model support the hypothesis that worldwide ZIKV emergence in the last 15 years was not

101

driven by adaptive virus evolution . We found no evidence for enhanced transmission by the
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primary epidemic vector, Ae. aegypti, or increased level and/or duration of viremia in the
vertebrate host between epidemic Asian ZIKV strains (F_Polynesia 2013 and
Puerto Rico 2015) and non-epidemic Asian ZIKV strains (Cambodia_ 2010, Philippines 2012
and Thailand 2014). The Asian ZIKV strain that gave rise to the widespread epidemics in the
Pacific and the Americas was probably not selected for its superior ability to infect mosquitoes
and/or humans. Instead, it seems more likely that it was stochastically introduced through
increased air travel and human mobility in regions with favorable epidemic conditions such as

high densities of competent vectors and immunologically naive human populations'®’.

The lack of human outbreaks associated with the African lineage of ZIKV until now!'® is
paradoxical because a large majority of experimental studies have found a higher
transmissibility and pathogenicity of the African ZIKV strains relative to their Asian
counterparts®®123-128 We hypothesized that this discrepancy could have reflected the lack of
recent, low-passage African strains available for experimental studies. Our panel included two
ZIKYV strains isolated in Senegal in 2011 and 2015, which are several decades more recent than
most of the African ZIKV strains used in earlier studies. Note that our two African ZIKV strains
were isolated from mosquito pools whereas the Asian strains that were isolated from human
serum samples, however all virus stocks were produced in mosquito cells prior to the
experiments. Our study unequivocally confirms that the African lineage of ZIKV is associated
with higher transmissibility and pathogenicity. The reasons why African ZIKV strains have so
far not been responsible for human outbreaks (or remained unnoticed) are unknown, but may
include the lack of awareness prior to the worldwide emergence, the paucity of surveillance
programs in resource-poor countries, protective effects of herd immunity or cross-reactive

antibodies, and/or the lower vectorial capacity of African mosquito populations.

Most ZIKV infections in humans are asymptomatic and the majority of symptomatic infections
cause a non-specific acute febrile illness that can easily be mistaken for other common viral
infections'®'. In the absence of severe infection outcomes such as GBS or CZS, low-level ZIKV
circulation or even small-scale outbreaks could have gone unnoticed, especially before the
emergence in the Pacific and Americas when ZIKV was still largely unknown. The worldwide
emergence of ZIKV raised international awareness, resulting in improved surveillance
including the implementation of epidemiological studies in regions where the virus was known
to be present prior to the pandemic. Seroprevalence studies recently conducted across Africa
generally found a low level (<6.2%) of specific anti-ZIKV antibodies'®>"13¢. These studies are

consistent with low-level ZIKV circulation in human populations of Africa and rule out the
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hypothesis that a high level of herd immunity is the main factor preventing ZIKV outbreaks in
Africa. The alternative hypothesis that sustained circulation of closely related flaviviruses such
as dengue virus (DENV) confers cross protection against ZIKV is also unlikely because high
DENV seroprevalence has not prevented the emergence of ZIKV in South America, the

Caribbean and the Pacific'®’.

A possible explanation for the lack of ZIKV outbreaks in Africa despite the high epidemic
potential of African ZIKV strains is a reduced vectorial capacity of African Ae. aegypti
populations. ZIKV has been isolated from multiple mosquito species, but de. aegypti is
considered the main vector of transmission between humans in the urban cycle!**!°!, In the
absence of an efficient urban vector, human ZIKV infections in Africa would be limited to
spillover transmission events from the sylvatic cycle via bridge vectors, which could explain
the low level of ZIKV circulation!8%!®8, Large-scale human outbreaks of dengue, yellow fever

and chikungunya presumably mediated by Ae. aegypti in Africa!®1%

provide evidence that the
density and human biting rate of African Ae. aegypti populations are sufficient to sustain urban
transmission cycles. However, we recently discovered that African Ae. aegypti populations are
significantly less susceptible to ZIKV infection than non-African populations using essentially
the same panel of ZIKV strains as in the present study'®>. Although the Senegal 2015 strain
was more infectious to mosquitoes relative to the other ZIKV strains, African Ae. aegypti
populations were overall less susceptible than non-African 4e. aegypti populations regardless
of the ZIKV strain'®. This difference mirrors the existence of the two subspecies, de. aegypti
aegypti and Ae. aegypti formosus, which were recognized by early taxonomists and later
confirmed by modern population genetics'®!. Lower ZIKV susceptibility of the African
subspecies Ae. aegypti formosus could have limited human ZIKV outbreaks in Africa in spite
of the higher transmissibility of African ZIKV strains. This hypothesis is consistent with earlier
reports of epidemic ZIKV transmission in Angola where the mosquito population consists of a

genetic mixture of Ae. aegypti aegypti and Ae. aegypti formosus'®?.

An important implication of our study is that the African lineage of ZIKV should be considered
a major threat to public health. Although African ZIKV strains have so far never been associated
with human ZIKV outbreaks, our results with wild-type Ae. aegypti from Colombia indicate
that they may have greater epidemic potential than Asian strains if exported to regions where
epidemic ZIKV transmission is realistic. We also point out that the African ZIKV strains may
be associated with distinct clinical features allowing them to more easily escape surveillance

systems. Our observations in an immunocompetent mouse model indicate that infection in utero
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by African ZIKV led to fetal death, rather than birth defects. Although this finding remains to
be confirmed in humans, it is consistent with the lack of reported CZS in Africa. The only
confirmed cases of birth defects in Africa were caused by ZIKV strains from the Asian

lineage'®?

. A few suspected cases were reported in Guinea-Bissau in 2016 where the African
ZIKV lineage had been detected but these have never been confirmed!®*. On the other hand,
CZS is arare symptom and its absence may also simply reflect the lack of large-scale epidemics

that would allow its detection.

Bayesian reconstruction of a dated phylogenetic tree for ZIKV?® estimated that African and
Asian lineages diverged from their common ancestor between 1814 and 1852 (95% highest
posterior density interval). Although viral genetic changes are generally considered the most
likely explanation for the dramatic emergence and neuroinvasiveness of ZIKV within the Asian

lineage?*!®

, whether divergent evolution of the African and Asian lineages was driven by
differential selective pressures is still an open question!'®. The lack of a sylvatic transmission
cycle of ZIKV outside Africa!®! could have played an important role in the evolutionary
divergence of the two lineages. However, enzootic transmission of African ZIKV strains
between sylvatic mosquito species and non-human primates is at odds with their higher
potential for epidemic transmission by Ae. aegypti, relative to Asian ZIKV strains, which are
thought to primarily alternate between Ae. aegypti and humans'’!. Possibly, introduction of
ZIKV into Asia after the mid-19" century could have been accompanied by a fitness drop due
to a founder effect. Identifying the nucleotide variants underlying the phenotypic differences
between the African and Asian ZIKV lineages will likely prove challenging because the
nucleotide divergence between the two lineages is ~12%, which translates into more than 100
different amino-acid residues across the open reading frame'?. In contrast, for instance, the
American ZIKV strains typically differ from the rest of the Asian strains by less than ~30
amino-acid residues. Moreover, the phenotypic differences between the two lineages likely

23181

result from complex combinations of genetic variants®'®', making them less tractable by

conventional methods of reverse genetics.

It also remains to be elucidated whether fetal harm has always been a possible consequence of
ZIKV infection during pregnancy or whether ZIKV has recently acquired mutations conferring
the ability to cause fetal harm. The recent detection of three CZS cases in Thailand and Vietnam
suggest that both non-epidemic and epidemic Asian ZIKV strains are neurotropic and able to
be vertically transmitted during pregnancy'!”"'"°. Our results, supported by recent studies

performed in mouse models of vertical ZIKV transmission'**!%7  indicate that African ZIKV
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strains also possess the ability to cross the placenta and cause adverse perinatal outcomes. This
is consistent with in vitro studies showing that ZIKV strains from both the African and the
Asian lineages are capable of infecting different cell types of the placental barrier such as
midgestation amniotic epithelial cells, cytotrophoblasts, placental villous macrophages of fetal
origin (Hofbauer cells), and endothelial cells!'?”!%8-200 Collectively, these results reinforce the
hypothesis that neurotropism and vertical transmission are not novel features of a recently
emerged ZIKV variant, but rather an ancestral feature of ZIKV. In our intraplacental ZIKV
challenge model, the non-epidemic Thailand 2014 strain was associated with more adverse
outcomes than the epidemic F_Polynesia 2013 strain, whereas the Senegal 2015 strain led to
fetal loss. Thus, ZIKV could have evolved towards attenuation by causing birth defects rather
than fetal loss, supporting the counter-intuitive idea that attenuation was key to the recognition

of ZIKV pathogenicity.
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II1.6 Supplementary Data

Supplementary Table 3.1: ZIKV strains included in this study. The name of the ZIKV
strains used in the study with their country of origin, original strain name, source of
isolation, year of collection and the passage history prior to use in this study are indicated.
TS: Toxorhynchites splendens mosquitoes; C6/36: Aedes albopictus cells; Vero: green

monkey kidney cells; SM: suckling mouse brains.

Name in this Passage
Country Strain ID Source Year .
study history
French
F_Polynesia_2013 ) PF13/251013-18 Human serum 2013 C6/36-4
Polynesia
Puerto
Puerto_Rico 2015 R PRVABC59 Human serum 2015 | Vero-2; C6/36-3
ico
TS-1; C6/36-2;
Philippines_2012 Philippines CPC-0740 Human serum 2012
Vero-1; C6/36-1
TS-1; C6/36-2;
Thailand_2014 Thailand SV0127-14 Human serum 2014
Vero-1; C6/36-1
Vero 2; SM-1;
Cambodia_2010 Cambodia FSS13025 Human serum 2010
C6/36-1
Pool of Aedes spp.
Senegal 2011 Senegal Kedougou2011 ) 2011 C6/36-2
and Mansonia spp.
Pool of Aedes spp.
Senegal_2015 Senegal Kedougou2015 ) 2015 C6/36-2
and Mansonia spp.
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Asian strains
Supplementary Table 3.2: Parameter estimates of mosquito-to-human transmission

events. The transmission kinetics of each ZIKV strain were modeled with a two-parameter log-
logistic function to estimate their extrinsic incubation period (EIP) distribution. In the
epidemiological simulations, the probability of mosquito-to- human transmission for each
contact between a human and an infected mosquito was determined by the transmission
probability inferred for each ZIKV strain from the EIP log-logistic distributions of location =
log(e), and scale = 1/b.

Log-logistic parameter
estimates
ZIKV strain e b

F_Polynesia_2013 16.60 -10.83
Puerto_Rico_2015 20.74 -8.17
Thailand_2014 18.76 —24.86
Philippines_2012 19.01 -5.72
Cambodia_2010 17.66 -4.99
Senegal_2015 12.05 -3.24
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Supplementary Table 3.3: Oligonucleotides used in this study.

Application | Oligo Sequence (5’-3’)

ZIKV RNA Forward GTATGGAATGGAGATAAGGCCCA

quantification | Primer

in mosquito Reverse ACCAGCACTGCCATTGATGTGC

experiments | primer

ZIKV RNA Forward CCGCTGCCCAACACAAG

quantification | primer

in mouse Reverse CCACTAACGTTCTTTTGCAGACAT

experiments | primer

(Asian Probe 6FAM/AGCCTACCT/ZEN/TGACAAGCAATCAGACACTCAA/
strains) 3'IABKFQ

ZIKV RNA Forward GTCGCTGTCCAACACAAG

quantification | primer

in mouse Reverse CACCAGTGTTCTCTTGCAGACAT

experiments | primer

(African Probe 6FAM/AGCCTACCT/ZEN/TGACAAGCAATCAGACACTCAA/
strains) 3'1ABKFQ

ZIKV RNA gBlock GAGGCATCAATATCAGACATGGCTTCTGACAGCCGCTGC
standards in CCAACACAAGGTGAAGCCTACCTTGACAAGCAATCAGAC
mouse ACTCAATATGTCTGCAAAAGAACGTTAGTGGACAGAGGCT
experiments GGGGAAATGGATGTGGACT

(Asian

strains)

ZIKV RNA gBlock GAGGCATCAATATCGGACATGGCTTCGGACAGTCGCTGT

standards in
mouse
experiments
(African

strains)

CCAACACAAGGTGAAGCCTACCTTGACAAGCAATCAGAC
ACTCAATATGTCTGCAAGAGAACACTGGTGGATAGAGGTT
GGGGAAATGGGTGTGGACT
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Supplementary Figure 3. 1: Mouse-to-mosquito ZIKV transmission probability over time.
The lines represent the proportion of Ae. aegypti mosquitoes from Gabon (left) or Guadeloupe
(right) that tested ZIKV-positive 14 days after taking a blood meal on the same triplet of Ifinarl”
mice inoculated with 10° FFU of the Cambodia 2010 ZIKV strain on day 0. A median of 11
females per time point and per mouse (range 2-17) were tested for the Gabon population. A median
of 13 females per time point and per mouse (range 0-19) were tested for the Guadeloupe population.
The gold dashed lines represent the transmission probabilities for the 3 individual mice during their
viremic period and the black line represent their mean. Horizontal ticks indicate the 95%

confidence intervals of the probabilities. Source data are provided as a Source Data file.
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Supplementary Figure 3.2: Simulated effect of empirical variation in ZIKV transmissibility on the risk and magnitude of
human outbreaks with reduced mosquito susceptibility. The figure shows the simulations results of Fig. 3 when the highly
ZIKV susceptible mosquito population from Guadeloupe is replaced with a less susceptible mosquito population from Gabon

(Fig. S1) to parameterize human-to- mosquito transmission events.

=10
£
w
Q
2 9
]
o
% g Asian lineage
o @ F_Polynesia 2013
o ® Puerto_Rico_2015
= @ Thailand_2014
S 7 © Philippines_2012
Cﬂ; @ Cambodia_2010
% 2 African lineage
§ @ Senegal_2015
® 5 © Senegal_2011
E
w
T
R

0 1 2 3 4 5 6

Day post infection
Supplementary Figure 3.3: Variation in viremia kinetics between ZIKYV strains after inoculation of a high virus dose. Time course
of ZIKV viremia in AG129 mice inoculated on day 0 with 10 PFU of ZIKV. Viremia is expressed in log]Q-transformed viral genome
copies per ml of plasma (mean + standard error). Each virus strain is represented by n=5 mice on each day, with the exception of day 6 for

the Senegal 2011 and Senegal 2015 strains that are represented by n=10 mice. Source data are provided as a Source Data file.
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Supplementary Figure 3.4: Intraplacental injections of ZIKV induce subcutaneous edema. Photos show representative E14.5

embryos after intraplacental injection of mock inoculum (left; »=10 embryos) or Senegal 2015 ZIKV strain (right; =9 embryos) at E10.5.
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Supplementary Figure 3.5: African and Asian ZIKV strains show comparable organs tropism. Inmunocompetent mouse

Atrium

embryos were infected at E10.5 by intraplacental injection of 500-1,000 PFU of ZIKV and examined at E14.5 by microdissection.
Immunolabeling of embryonic eye, anterior and posterior spinal cord and atrium sections representative of each ZIK'V strain tested
(n=3 embryos per virus strain). Blue, green and red colors indicate DAPI, anti-cleaved caspase 3 (ACC3) and ZIKV stainings,

respectively. The scale bars represent 200 pm.
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Chapter IV : Evolution of Asian Zika virus strains

resulted in attenuated fetal brain pathogenicity

IV.1 Abstract:

The Zika virus (ZIKV) outbreak of 2015-2016 in the Americas revealed the ability of ZIKV
from the Asian lineage to cause birth defects, generically called congenital Zika syndrome
(CZS). Notwithstanding the long circulation history of Asian ZIKV, no ZIKV-associated CZS
cases were reported prior to the ZIKV outbreak in French Polynesia (2013) and Brazil (2015).
It has remained unclear whether the sudden emergence of CZS resulted from an evolutionary
event of the Asian ZIKV. We performed a comparative analysis of the pathogenicity of pre-
epidemic and epidemic Asian ZIKV strains in the mouse embryonic brain. All studied (n=8)
ZIKV strains of the Asian lineage were neurovirulent, but pre-epidemic ZIKV strains of this
lineage were consistently more pathogenic in the embryos than epidemic ZIKV strains. The
pathogenicity was, however, not directly linked to viral replication. In addition, all tested ZIKV
strains triggered an immunological response, whereby the intensity of the response differed
between strains but not between the groups. Our study reveals that the ZIKV strains from the
Asian lineage evolved towards a pathogenic attenuation which may have resulted in the

emergence of CZS in neonates instead of premature death in utero.

This chapter will be submitted to Nature Communications.

Mailis Darmuzey'~, Franck Touret®, Emily Slowikowski*, Ivan Gladwyn-Ng°, Karan Ahuja®,
Lorena Sanchez-Felipe', Xavier de Lamballerie’, Catherine Verfaillie®, Pedro E. Marques®,

Johan Neyts'", Suzanne J. F. Kaptein'”
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IV.2 Introduction

Since its isolation from a monkey in Uganda in 1947, Zika virus (ZIKV) has circulated in
human populations in Africa and the Asian-Pacific regions, causing only sporadic outbreaks
associated with no or only mild symptomatic cases'®. As a result, ZIKV was not considered a
major health threat. However, between 2015-2016, ZIKV caused a massive outbreak in the
Americas that was associated with an increased number of newborns with congenital Zika
syndrome (CZS)*"', which encompasses a wide spectrum of birth defects, including
microcephaly (smaller skull size), ventriculomegaly (enlarged ventricles), calcification of
subcortical regions, neurologic impairment, ocular anomalies, and joint contractures?*>?%. The
emergence of these unprecedented ZIKV-associated devastating neonatal abnormalities led the
WHO to declare the 2015-ZIKV outbreak a public health emergency of international concern.
Since then, various research groups have explored the underlying pathophysiological
mechanisms that may explain the high neurovirulence of contemporary ZIKV strains. ZIKV

has been reported to be able to infect various cell types in the brain (in vitro and in vivo), such

85,145,204-206 204,207 56,208-211 212-

as neural progenitors , mature neurons , astrocytes , oligodendrocytes

214 and microglia®!>2!8, ZIKV infection of brain cells can induce various deleterious effects,

h205,206,219,220 221-223
2

including cell deat , premature differentiation of neural progenitors and

secretion of inflammatory factors®’-15-224

, which could ultimately lead to the development of a
microcephalic phenotype. Although these studies provided very important insights into the
pathophysiological mechanisms underlying ZIKV-associated brain defects, the question on this
precipitous emergence remained unanswered. The sudden increase in cases of CZS were linked
to ZIKV from the Asian lineage??, which had evolved from the ancestral African lineage?.
Several research groups demonstrated that ZIKV from both the African and Asian lineage is
equally capable of infecting the placenta!?%?? and brain cells'**?262?7 Intriguingly, ZIKV from
the African lineage was reported to display a more pathogenic profile than ZIKV from the Asian
lineage, making it more likely to be associated with miscarriages and spontaneous abortion than
with birth defects!?®134226228.229  Qeveral studies aimed to identify potential genetic
determinants of the sudden emergence of ZIKV-associated brain defects caused by the Asian
lineage ZIK V23264149230 ‘bt these yielded conflicting results?>2%!34226 Moreover, some point
mutations that were reported to affect the virulence of a particular ZIKV strain did not result in
the same effect in the background of other ZIKV strains?*!. The explanation for the

discrepancies in the reported findings is likely multifactorial, such as the use of different mouse

models, inoculums, routes of infection, and the ZIKV strains used, amongst others. Indeed, the
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diversity in the (in vivo/in vitro) models increases the variability in the neurovirulence results,

complicating direct comparisons across studies.

To more comprehensively decipher the relationship between the evolution of Asian lineage
ZIKV and the incidence of CZS, we performed a comparative study employing multiple pre-
epidemic ZIKV strains (which arose before the 2013-epidemic French-Polynesia strain
[PF_2013]), and epidemic ZIKV strains (evolving from PF 2013)*. To best recapitulate first
trimester ZIKV infections in humans, which is associated with more severe cerebral pathology
in newborns®!, we deployed the physiologically more relevant intraplacental challenge model
to infect mouse embryos in utero at a very early stage of embryonic brain development. This
infection route allows dissemination of ZIKV in the fetus in a more natural way, giving the
virus access to the developing brain of the embryonic mice. Using this model, we additionally
investigated the impact of an amino acid change that was reported to impact fetal

microcephaly*’.
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IV.3 Materials and Methods
Cells

Vero E6 cells (African green monkey kidney cells; Vero 76, clone E6; ATCC: CRL-1586) and
HEK293T (ATCC, Cat# CRL-3216) were cultured in DMEM supplemented with 10% FBS
(HyClone), 2 mM L glutamine (Thermo Fisher Scientific). In the end-point titration
experiments with Vero E6 cells, 2% FBS was used. BHK-21J (baby hamster kidney fibroblasts;
provided by P. Bredenbeek at the Leiden University Medical Center (LUMC), the Netherlands)
and SH-SYS5Y (ATCC, Cat# CRL-2266) were cultured in DMEM supplemented with 10% FBS
(HyClone). Vero E6, BHK-21J, HEK293T and SH-SYS5Y cells were incubated at 37 °C in
presence of 5% CO;. All cell lines (Vero E6, BHK-21J, HEK293T and SH-SYS5Y) were

regularly tested for mycoplasma contamination.
Differentiation of hiPSCs to cortical NPCs

Cortical neural precursor cells (NPC) were generated from Sigma-iPSC0028 hPSC line by
using the protocol described by Shi et al**2. The Sigma-iPSC0028 were plated on human
Matrigel-coated 6-well plates (Corning) in mTESR (StemCell) with Revitacell (Life
Technologies). These iPSCs were maintained in E8 flex medium (E8 basal medium (Gibco)
complimented with E8 supplement Flex and 5 U/ml Penicillin-Streptomycin) and split twice a
week with 0.5mM EDTA (Gibco). When the iPSC colonies reached 90% confluency, NPC
induction was done by dissociating the iPSC colonies by accutase (Sigma) and seeding 2.5
million single cell suspension per well in a 6-well plate in neural induction media (NIM)
comprising of neural maintenance medium (NMM) complemented with the dual-SMAD
inhibitors SB431542 (10 uM, Tocris) and LDN193189 (1 uM, Miltenyi). The NMM comprises
of'a 1:1 mixture of Neurobasal medium (Gibco) and DMEM/F-12 Glutamax™ augmented with
0.5X Glutamax™ (Gibco), 50 U/ml Penicillin-Streptomycin, 0.5X B27 (Gibco), 0.5X N2
(Gibco), 0.5X MEM-NEAA (Gibco), 0.5X sodium pyruvate, 0.025 % human insulin (Sigma)
and 50 pM 2-mercaptoethonal (Gibco). Media changes with NIM were performed every day
for 11 days. At day 12, the neuroepithelial cells were collected using Dispase II (Sigma) and
cultured for an additional 4 days with NMM spiked with 20 ng/mL bFGF. Rosette-forming
neuroepithelial cells were passaged twice (after 5-7 days) using Dispase II to enrich the NPC
population. The cultured NPCs were dissociated as single cells on DIV33 (33 days in vitro) and
cryopreserved for further experimental use. For ZIKV infection, 1 million DIV33 NPCs per

well were thawed on human Matrigel-coated 6 well plates in NMM supplemented with
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RevitaCell and cultured in NMM for next 4 days. On day 38, these NPCs were dissociated as

single cells using accutase and replated.
ZIKV strains

Eight ZIKV strains were selected of which three carry a serine (S) at position 139 in the
polyprotein protein and five contain an asparagine (N) at position 139 (Table 1). ZIKV strains
CAM_2010 (Zika virus/H.sapiens-tc/KHM/2010/FSS13025; GenBank KU955593), PR_2015
(ZIKV/Homo sapiens/PRI/PRVABC59/2015; GenBank KUS501215), and MEX 2016
(ZIKV/Aedes.sp/MEX/MEX 2-81/2016; GenBank KX446950) were obtained from the World
Reference Center for Emerging Viruses and Arboviruses (WRCEVA) at the University of
Texas Medical Branch. ZIKV strains PHL 2012 (Zika virus/H.sapiens-tc/PHL/2012/CPC-
0740; GenBank KU681082) and THA 2014 (Zika virus/H.sapiens-tc/THA/2014/SV0127-14;
GenBank KU681081) were obtained from the Walter Reed Army Institute of Research
(WRAIR). ZIKV PF 13 (ZIKV Pf13/251013-18; GenBank KY766069) was obtained from the
Institut Louis Malardé in French Polynesia. ZIKV SUR 2016 (ZIKV SL1602?*%; GenBank
KY348640) was received from LUMC in the Netherlands. ZIKV BRA 2015
(ZIKV/H.sapiens/Brazil/PE243/2015%*; GenBank KX197192) was provided by the MRC-
University of Glasgow Centre for Virus Research in the UK. High-titer virus stocks were grown
on C6/36 mosquito cells and infectious titers (plaque forming units per ml; PFU/ml) were

quantified by plaque assay on BHK cells, as described earlier %
Viral replication experiments in cells

SH-SYS5Y cells were seeded at 5x10° cells/ml in T25-flasks and were incubated overnight at
37 °C in the presence of 5% CO;. The following day, medium was removed, and cells were
infected with one of the ZIKV strains at an MOI = 0.0001. After 3 hours, the inoculum was
removed, and cells were washed 3 times with PBS. Finally, 5 ml of DMEM supplemented with
2% FBS was added to the cells. In experiments using hNPCs, cells were seeded at 1.5x10° or
3x10*per well in human Matrigel-coated 24-well or 96-well plates, respectively, and incubated
overnight at 37 °C in the presence of 5% CO». Next day, medium was removed, and cells were
infected with the one of the ZIKV strains at an MOI = 0.1 for 12 hours after which the inoculum

was removed and 2.5 ml of NMM medium was added to the cells.
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Mouse experiments

Breeding couples of immunocompetent SWISS/CD1 mice were purchased from Janvier Labs,
Envigo or Charles River and bred at the KU Leuven Laboratory Animal Center. The SPF status
of the mice was regularly checked at the KU Leuven animal facility. Mice were housed in
individually ventilated cages (Sealsafe Plus, Tecniplast) at 21 °C, 55% humidity and 12:12
light/dark cycles. Animals were provided with food and water ad libitum as well as with
cardboard play tunnels and cotton/tissues as extra bedding material. Allocation to experimental
groups was performed randomly. Housing conditions and experimental procedures were
approved by the ethical committee of KU Leuven (license P029/2021), following institutional
guidelines approved by the Federation of European Laboratory Animal Science Associations

(FELASA).
Intraplacental infection

Time-mated, SWISS mice, 8-12 weeks of age, were used for ZIKV vertical transmission
experiments. All surgeries on SWISS wild-type female mice were performed at the same time,
with embryonic day (E) 0.5 corresponding to the afternoon following the day of mating. At
E10.5, mice were shaved, after which the developing embryos were challenged intraplacentally
with 10° PFU/ml ZIKV or 2%FCS/PBS (‘mock’) as follows: Preoperative analgesia (0.1 mg/kg
of buprenorphine; Temgesic) was administered subcutaneously before induction of anesthesia.
Next, the pregnant females were anesthetized using isoflurane (Abbot Laboratories Ltd.), and
a small incision (1.0-1.5 cm) was made through the lower ventral peritoneum. The uterine horns
were carefully extracted and placed on warm humidified gauze pads. Following intraplacental
infection, incisions were sutured and disinfected. Mice were maintained on a heat pad during
the whole procedure. Eight hours post-surgery, mice received a second dose of analgesia (0.1

mg/kg of buprenorphine; Temgesic).
Quantification of cytokines and chemokines

Dissected brain tissues were weighed and homogenized in protein extraction buffer, consisting
of 15 mM NaCl (VWR Chemicals, Radnor), 0.05% Tween 20 (Sigma), 5% Bovine Serum
Albumin (BSA, Sigma), 10 mM EDTA (Sigma) and 1% protease inhibitor cocktail (Sigma) in
PBS. Homogenates were centrifuged for 20 minutes (1000xg, 4 °C), supernatants were
collected and concentrations of IL-6, IL-10 and CXCL10 were quantified by sandwich ELISA

(DuoSet R&D Systems) according to the manufacturer’s protocol. The absorbance was
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determined using a spectrophotometer (BioTek) at 450 nm. Results are expressed as pg per 100

mg of brain tissue.
RNA isolation and RT—qPCR

Total RNA was isolated from embryonic tissue using Trizol (Ambion, Life Technologies)
according to the manufacturer’s protocol. Total RNA was isolated from cells supernatants using
NucleoSpin RNA Virus, Mini kit for viral RNA from cell-free fluids (Macherey-Nagel)
according to the manufacturer’s protocol. Quantification of ZIKV genome copy numbers was
performed by quantitative reverse transcription PCR (qRT-PCR) using one step qRT-PCR
MasterMix Low ROX (Eurogentec). Ct values were converted into a relative number of ZIKV
RNA copies/ul using the formula y = a*In(x) + b, where a is the slope of the standard curve, b

is the y-intercept of the standard curve and y is the Ct value for a specific sample.
End-point titration

E18.5 brains were dissected, and half of the brain was used to determine End-point titration.
Brain tissues were weighed and immerged in 350 pl of Vero E6 2% medium (described above)
in a tube for homogenization. Tissues were homogenized and subsequently centrifuged for 10
minutes (14,000 rpm, 4 °C). Vero E6 cells (pre-seeded in 96-wells plates at 1x10* cells/well, 1
day earlier) were infected with supernatant from either infected homogenized brains or infected
cells using ten-fold dilutions series, in triplicate. After 7 days of incubation, virus-induced
cytopathic effect (CPE) was microscopically quantified and the virus titer (expressed as TCIDso

per ml) was determined using the method of Reed and Muench !4,
Generation of ZIKV_139N

The THA 139N variant was generated following the Infectious Subgenomic Amplicons (ISA)
method?®®. RNA isolation was performed on virus stock using NucleoSpin RNA Virus, Mini
kit for viral RNA from cell-free fluids (Macherey-Nagel) according to the manufacturer’s
protocol. A first fragment (pCMV-5’- 608bp) which contains the pCMV promotor and the
mutation was synthesized by GenScript company.From the RNA isolation we performed RT-
PCR using SuperScript™ IV One-Step RT-PCR System (ThermoFisher, 12594025) to generate
two overlapping fragments of approximately 5-kb covering the full genomic sequence. After
RT-PCR, the proper size of the fragments was confirmed by electrophoresis on agarose-gel.
The RT-PCR products were purified using the Monarch® PCR & DNA Cleanup Kit (New
England Biolabs, T1030L) according to the manufacturer’s protocol.
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On day 0, a mixture of 80% of HEK293T cells and 20% of BHK cells were seeded in a 96-well
amine-coated plate (VWR, 734-1475). On day 1, transfection of the purified fragment was
performed using Lipofectamine 3000 reagent (ThermoFisher Scientific, L3000008) according
to the manufacturer protocol and 12 hours post-transfection the cells were washed three times
with PBS and fresh medium was added. Six days post-transfection, the supernatant was
passaged on pre-seeded VeroE6 cells in a 96-well plate (10 000 cells/well) and the transfected
cells were pooled and reseeded in a 6-well plate. Seven days post-passaging and re-seeding the
presence of the virus was confirmed by qRT-PCR and plaque assay. The newly generated virus
was grown on VeroE6 cells and infectious titers (plaque forming units per ml; PFU/ml) were
quantified by plaque assay on BHK cells. Finally, the genome integrity and the presence of the

mutation was assessed by Next-generation sequencing (NGS).
Cryo-sectioning

E18.5 embryonic mouse heads were harvested and fixed overnight at 4 °C in 4%
paraformaldehyde (PFA). Brains were dissected in 0.1 M PBS (pH 7.4) and cryoprotected by
overnight immersion in 20% Sucrose in PBS before embedding in Polyfreeze (Sigma-Aldrich).
Brain sections of 14 um were obtained by cryosectioning (Leica) onto slides (Epredia™

SuperFrost Plus™ Adhesion slides, Fisher Scientific).
Immunohistochemistry

For immunofluorescence of brain sections, the slides were immerged in an antigen retrieval
solution (Dako Target Retrieval Solution) and heated at 95 °C for 5 minutes. Next, slides were
incubated in blocking solution (Normal Donkey Serum 10%, Bioconnect Life Sciences) for 1
hour at room temperature. The rabbit anti-cleaved caspase 3 (1:300, #9661, Cell Signaling
Technologies), mouse anti-flavivirus group antigen (1:1000, MAB10216, Merck Millipore) and
goat anti-Ibal (1:300, ab5076, Abcam) were used as primary antibody, and slides were
incubated overnight at 4 °C. The following day, slides were stained using the secondary
antibodies (Life Technologies) donkey anti-rabbit Alexa Fluor-488 (A-21206), donkey anti-
mouse Alexa Fluor-555 (A- 31570), all diluted 1:1000, or donkey anti-goat Alexa Fluor-647
(A-21447), and nuclei were counterstained with DAPI (1:1000) for 2 hours at room

temperature. Slides were mounted in Dako Fluorescence Mounting Medium (Agilent).

For immunofluorescence of hNPCs, supernatant was removed from the cells at the indicated

timepoints, and cells were washed three times with PBS. Next, cells were fixed using 4% PFA
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for 30 minutes, followed by three PBS washes. Nuclei were counterstained with DAPI (1:1000)

for 1 hour at room temperature. Finally, cells were washed three times with PBS.
Imaging and analysis

Confocal images of sections of E18.5 mouse brains were acquired using a NIKON AIR
confocal microscope at a 20X magnification, or using a Leica DMi8 confocal spinning disc
microscope at a 25X magnification. Quantification of cortical length and the number of DAPI-
positive cells was performed in a region of interest (ROI). The ROl is a region of 100 um wide
in the cortex, stretching from the top of the ventricle to the outer border of the cortex. For each
sample, the same region was selected as ROI. Image analysis and processing were performed
with Imagel] 1.42q 276 (Wayne Rasband, National Institutes of Health), or Fiji (v2.0.0-rc-
54/1.51 h, https://imagej.net/Fiji) software.

Statistics

Statistical analyses were performed using GraphPad Prism v9.3.1. Results (from brain analyses,
viremia and subcutaneous edema) were first tested for normality using Shapiro-Wilk test. The
Brown-Forsythe and Welch ANOVA test followed by Games-Howell’s multiple comparisons
post-hoc test was performed when the assumption of equal variance was not met. Alternatively,
the two-sided Kruskal-Wallis test followed by Dunn’s multiple comparisons test when both
normality and the assumption of equal variance were not met. Differences were considered

statistically significant when p < 0.05.
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IV.4 Results

IV.4.1 Pre-epidemic ZIKV strains cause severe brain defects more consistently than
epidemic ZIKYV strains

Based on a comparative phylogenetic study by Pettersson and colleagues?’, we selected a panel
of three pre-epidemic ZIKV (preZIKV) strains (CAM 2010, PHL 2012 and THA 2014) and
five epidemic ZIKV (epZIKV) strains (PF 2013, PR 2015, BRA 2015, MEX 2016, and
SUR 2016); see Supplementary Table 4.1 for details. To compare the neurovirulent potential
of preZIKV and epZIKYV strains, intraplacental (IPL, 5x10° PFU/ml) injections were performed
at embryonic day 10.5 (E10.5) in immunocompetent SWISS dams (Supplementary Fig. 4.1),
which is a time window corresponding to the first trimester of pregnancy in humans?¥’. As the
preZIKV strain CAM_2010 elicited massive fetal death before E18.5 with only 3 harvestable
embryos (data not shown), results obtained with this strain were excluded from all analyses due
to the small sample size. Eight days post-infection (pi) at E18.5, we assessed the severity of the
brain defects as well as the presence of microcephaly and ventriculomegaly by measuring the
brain weight, the thickness of the cortex, the number of cells present in the cortex, and the
enlargement of the ventricle area. Both preZIKV and epZIKV were capable of inducing brain
defects in embryonic mice (Fig. 4.1). However, brains infected by preZIKV were on average
lower in weight than those infected by epZIKV (Fig. 4.1a), suggesting that preZIKV triggered
more severe brain defects. Indeed, although both preZIKV and epZIKV caused a microcephalic
phenotype, illustrated by a reduction in the cortical length and fewer cells in the cortex
compared to mock-infected brains (Fig. 4.1b, c), preZIKV-infected embryonic brains
consistently presented a more severe microcephalic phenotype with smaller cortices and fewer
cells than epZIKV-infected embryonic brains (Fig. 4.1a-d). Similarly, ventriculomegaly was
observed both in the preZIKV- and epZIKV-infected brains, but with a more significant
enlargement of the ventricle area in brains infected by preZIKV (Fig. 4.1d). Even more striking
was that all embryonic brains infected with preZIKV displayed an enlargement of the
ventricular region. In contrast, a significant number of brains (35%, n = 65; p <0,0001) infected
by epZIKYV did not present with ventriculomegaly because the size of the ventricular area was
comparable or smaller than the maximum ventricular opening observed in mock-infected brains
(represented by the dashed line in Fig. 4.1d). This is for example clearly demonstrated for
BRA 2015 (Fig. 4.1e). This ZIKV strain induced a wide range of ventriculomegaly in the
embryonic brain, ranging from almost non-detectable (middle panel Fig. 4.le) to severe
ventriculomegaly (right panel Fig. 4.1e), as did all the other epZIKV strains (Supplementary

Fig. 4.2d). A similar trend in variation was observed in brain weight, the thickness of the cortex

81



: Evolution of Asian Zika virus strains resulted in attenuated fetal brain pathogenicity

and the number of cells present in the cortex of brains infected by epZIKV (Supplementary Fig.
4.2a-c). Thus, embryonic brains infected by epZIKV displayed a broader spectrum of severities,
varying from unnoticeable brain defects to an extremely deleterious phenotype, while brains

infected by preZIKV exhibited more uniformly severe brain abnormalities.
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Figure 4.1: Brain abnormalities in embryonic mice caused by pre-epidemic and epidemic ZIKV strains

a-d, Analyses of E18.5 embryonic mouse brain development after mock injection (n = 26 for brain weight and n =12
otherwise) or after infection by either pre-epidemic ZIKV strains (n = 28) or epidemic ZIKV strains (n = 68).
Embryonic brains were examined morphologically by measuring the brain weight normalized to head weight (a).
Microcephalic phenotypes were assessed by measuring (b) cortical length and (¢) number of DAPI-positive cells.
Ventriculomegaly was estimated by measuring the ventricle area (d). e, Representative images of E18.5 embryonic
mouse brains after mock-injection (left, n = 12) or infection with the ZIKV BRA_2015 (middle, right, n = 12). Blue,
green, red and white indicate DAPI, anti-cleaved caspase3 (ACC3), Zika virus and Ibal staining, respectively. The
scale bars represent 500um. In (a-d) data are presented as mean + standard deviation. Statistical significance of
differences was determined by Brown-Forsythe and Welch Anova, followed by Dunnett’s T3 multiple comparisons
test for (a) and (¢), and by one-way Anova, followed by Kruskal-Wallis’ multiple comparisons test for (b) and (d).

Only statistically significant differences are shown.
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IV.4.2 Pre-epidemic ZIKYV strains cause more readily subcutaneous edema in embryonic
mice

During necropsy of the embryos infected by either preZIKV or epZIKV, subcutaneous edema
was observed (Fig. 4.2a). This is consistent with our previous report, showing subcutaneous
edema at E14.5 in 6% and 30% of the embryos infected with PF 2013 or THA 2014,

respectively??’

. Differences in the percentage of embryos displaying subcutaneous edema may
reflect differences in pathogenic profile between preZIKV and epZIKV. To assess whether the
percentage of infected embryos presenting subcutaneous edema depends on the ZIKV strain
used to infect them, we quantified the number of affected embryos for preZIKV and epZIKV
at E13.5, E14.5 and E15.5 (Fig. 4.2b-d). At E13.5, preZIKV tended to cause subcutaneous
edema in a higher proportion (18%) of the infected embryos than epZIKV (3%) (Fig. 4.2b).
More specifically, 20% and 17% of the embryos infected with respectively PHL 2012 or
THA 2014 displayed subcutaneous edema while it was absent in the embryos infected with
any of the epZIKYV strains, excepted for some of the embryos (8%) infected with BRA 2015
(Supplementary Fig. 4.3b). The trend became even more pronounced at E14.5 with a
significantly higher number (48%) of the preZIKV-infected embryos presenting subcutaneous
edema compared to the epZIKV-infected embryos (21%) (Fig. 4.2¢c). By contrast, a similar
proportion of the infected embryos from both groups showed subcutaneous edema at E15.5
(61% versus 43%). (Fig. 4.2d). Of note, while the proportion of the embryos presenting edema
increased from E13.5 to E15.5 for most ZIKV strains, the number remained low for PF_2013
(Supplementary Fig. 4.3, panel a versus panels b-d). Therefore, results with this strain were

omitted from the analysis.
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Figure 4.2: Embryos infected by ZIKV develop subcutaneous edema. (A), Picture showing representative E14.5 mouse embryos with
mild (left arrow) and severe (right arrow) subcutaneous edema. b, Percentage of mouse embryos presenting subcutaneous edema at E13.5
after infection by either pre-epidemic (n = 24) or epidemic (n = 25) ZIKV strains. ¢, d, Percentage of mouse embryos presenting
subcutaneous oedema at E14.5 (¢) or E15.5 (d) after infection by either pre-epidemic (n =31 and n = 31, respectively) or epidemic (n = 55

and n = 52, respectively) ZIKV strains. Statistical significance of differences was determined by Fisher’s exact test (b, d).
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IV.4.3 Viral replication kinetics in embryonic mouse brains

To assess whether the observed differences between preZIKV and epZIKV are associated with
differences in viral replication and viral fitness within the embryonic mouse brain, viral RNA
levels (by RT-qPCR) and infectious particles (by end-point titrations) were quantified at
different timepoints pi. However, due to the small size of the embryonic brain on E13.5-E15.5,

infectious virus levels were only determined in E18.5 brains.

At E18.5, no significant differences in viral RNA load or infectious virus in the brain were
observed between both groups (Fig. 4.3a-b). One exception is the difference in infectious virus
in brains infected with SUR 2016 (epidemic) as compared to those infected with THA 2014
(pre-epidemic). Infectious virus titers in brains infected with SUR 2016 were significantly
higher than in brains infected with THA 2014 (Supplementary Fig. 4.4f). Similarly, no
significant differences in viral RNA levels were observed between the preZIKV- and epZIKV-
infected brains at E13.5 (Fig. 4.3c, Supplementary Fig. 4.4a), E14.5 (Fig. 4.3d) and E15.5 (Fig.
4.3e), again with one exception: brains infected by PH 2012 (pre-epidemic) had a higher viral
RNA load than those infected by MEX 2016 (epidemic) at E14.5 (Supplementary Fig. 4.4b).
The only significant difference in replication potential at E15.5 was observed between two
epZIKV strains, with a significantly higher viral RNA load in brains infected by PR 2015 than
in those infected by PF_2013 (Supplementary Fig. 4.4c). Overall, the preZIKV and epZIKV
strains displayed similar replication profiles in embryonic mouse brains with a peak at E15.5
(Fig. 4.3f), except for PHL 2012 and BRA 2015 which both peaked one day earlier
(Supplementary Fig. 4.4e).
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Figure 4.3: Replication kinetics of the pre-epidemic and epidemic ZIKV strains in the embryonic brain.
a, Infectious virus in brain at E18.5, depicted as log;o-transformed 50% tissue culture infectious dose (TCIDsj) per mg of tissue. b-e, Brain
viral loads are shown in logjo-transformed viral genome copies at various timepoints: E18.5 (b), E13.5 (¢), E14.5 (d), E15.5 (e). f,
Replication kinetics for pre-epidemic and epidemic ZIKV strains in embryonic brains at E13.5 to E18.5. Data are summarized data from
b-e. N numbers are present in supplementary table 2. Data are represented as mean + standard deviation. Statistical significance of

differences was determined by one-way Anova, followed by Kruskal-Wallis” multiple comparisons test. ns = not significant.

1V.4.4 ZIKYV strains display different replication kinetics in human brain cells

We next defined the in vitro neurovirulent profile for each ZIKV strain in the 2 groups using
two relevant brain cell types: neuroblastoma cells (SH-SY5Y) and human progenitor cells
(hNPCs). In neuroblastoma cells, the course of replication was virtually the same for all ZIKV
strains, i.e., increasing from d1 to d7 pi (Fig. 4.4 a). However, obvious differences were noted
for some ZIKV strains. Among all ZIKV strains, viral RNA levels at endpoint were
significantly the highest for BRA 2015. From 3 days post-infection (3 dpi) onwards, PR 2015
replicated to significantly higher viral RNA levels than the other ZIKV strains except
BRA 2015 (Fig. 4.4a). By contrast, PF_2013 replicated less efficiently, resulting in the lowest
viral load at 5 and 7 dpi. For all ZIKV strains, the production of viral particles correlated
roughly with the viral RNA load, with PR_2015 and BRA 2015 yielding significantly higher
virus titers from 5 to 7 dpi than did the other ZIKV strains (Fig. 4.4b). At earlier timepoints,
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virus titers were lower for PR_2015 than for BRA 2015, although levels increased more rapidly
from d2-d5 pi for PR_2015, indicative of a higher fitness (also considering the relatively lower
viral RNA levels for PR_2015) (Fig. 4.4b).

When assessing the viral replication kinetics in hNPCs, PR 2015, BRA 2015 and SUR 2016
reached significantly and similarly higher viral RNA levels on 5 to 10 dpi than did the other
ZIKV strains. At these time points, viral RNA levels were the highest for SUR 2016 than for
the other two ZIKV strains. Similar to the neuroblastoma cells, the lowest viral load in hNPCs
was found for PF 2013. In general, all ZIKV strains replicated to peak levels at d9 pi, after
which levels slightly decreased at 10 dpi (Fig. 4.4c). As observed in neuroblastoma cells,
infectious virus levels correlated with the viral RNA load in hNPCs with PR_2015, BRA 2015
and SUR 2016 yielding significantly higher virus titers than did the other ZIKV strains (Fig.
4.4d). Overall, the epidemic ZIKV strains PR 2015 and BRA 2015 exhibited on average
slightly superior replication kinetics in the studied human brain cells (illustrated by higher
levels of viral RNA and virus titers) than the other ZIKV strains, except for SUR 2016 in
hNPCs.

IV.4.5 ZIKY strains induce different levels of immune mediators in embryonic brains

In order to determine whether the ZIKV strains induced different immune responses in the
embryonic brain, we evaluated the production of IL-6, IL-10 and CXCL10 in mouse brain
lysates at E14.5, which had been infected with either a preZIKV strain (PHL 2012 or
THA 2014) or an epZIKV strain (BRA 2015 or SUR 2016). IL-6, a potent proinflammatory
and immunostimulatory cytokine?**, was undetectable in healthy mock-infected embryonic
brains, but it was significantly induced in response to infection with the BRA 2015 and
SUR 2016 ZIKV strains, suggesting that they are more capable to drive immune responses
than the other virus strains. Of note, IL-6 induction was significantly higher in response to

SUR 2016 than that to all the other strains, including BRA 2015 (Fig. 4.5a).

Similarly, CXCL10, a chemokine induced by interferon-y and a potent chemoattractant to

monocytes, natural killer cells and T cells?*’

, was significantly elevated in response to infection
by all 4 ZIKV strains tested. Interestingly, CXCL10 is already produced in embryonic brains
in steady-state conditions, but it is substantially increased in response to ZIKV infection. This
suggests that CXCL10 may serve as a marker of ZIKV infection in embryonic stages. In

addition, the SUR 2016 strain was the most powerful stimulus for CXCL10 production, which
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was significantly elevated when compared to both PHL 2012 and BRA 2015 ZIKV strains
(Fig. 4.5b).

Lastly, we measured the levels of IL-10 in embryonic brain lysates, a cytokine known for its
immunoregulatory and anti-inflammatory properties**’. IL-10 was absent in mock-infected
brains, but it was significantly upregulated upon infection with all 4 ZIKV strains. Moreover,
IL-10 production was highest in brains infected with SUR 2016 and THA 2014 strains (Fig.
4.5¢).
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Figure 4.4: Replication kinetics of the pre-epidemic and epidemic ZIKV strains in human brain cells in vitro. a, Viral loads in
neuroblastoma cells are shown in log-transformed viral genome copies at different days post-infection. b, Infectious virus in neuroblastoma
cells depicted as logjo-transformed 50% tissue culture infectious dose (TCID50) per ml of supernatant at different days post-infection. ¢, Viral
loads in human neural progenitor cells are shown in log,-transformed viral genome copies at different days post-infection. d, Infectious virus
in human neural progenitor cells depicted as logj-transformed 50% tissue culture infectious dose (TCID50) per ml of supernatant at different
days post-infection. Statistical significance of differences was determined by two-way Anova followed by Sidak's multiple comparisons test.

Only statistically significant differences are displayed in Supplementary data 1-4.
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Figure 4.5: Immunological response in embryonic mouse brains after ZIKV infection. a-c, Measurements of IL-6 (a), CXCL10 (b)
and IL-10 (c) levels in embryonic mouse brains after mock injection (n = 8) or after infection by either PHL 2012 (n =5), THA 2014 (n
=3), BRA_ 2015 (n = 8) or SUR_2016 (n = 12). Statistical significance of differences between ZIKV-infected and Mock-infected brains
were determined by Mann-Whitney test. Differences among ZIKV strains were determined by one-way Anova followed by Kruskal-Wallis

multiple comparisons test for IL-6 and CXCL10 and by Brown-Forsythe and Welch Anova test for IL-10.

IV.4.6 Impact of S139N substitution on severity of brain defects

The individual preZIKV and epZIKYV strains differ from each other by numerous amino acid
changes in their viral genomes. Similarly, different substitutions are present in the genome of
ZIKYV strains belonging to the same group. However, the only amino acid separating preZIKV
from epZIKV is the one at position 139 in the polyprotein (Supplementary Table 1), with a
serine (S) shared by preZIKV and an asparagine (N) shared by epZIKV, as was reported
previously>!. Interestingly, this residue at position 139 was demonstrated to contribute to fetal
microcephaly*’. This prompted us to investigate whether and to what extent this amino acid
contributes to the severity of brain abnormalities in embryonic mice using the IPL model. Since
brain abnormalities were consistently more severe in (a larger proportion of) embryonic mice
infected with preZIKV, the THA 2014 strain was selected for altering the amino acid at
position 139. By employing the ISA method’, the S was substituted to an N (S139N), resulting
in a ZIKV strain referred to as THA 139N. The severity of the brain defects as well as the
presence of microcephaly and ventriculomegaly at E18.5 was assessed as described earlier.
Hypothetically, introducing the S139N substitution in the pre-epidemic THA 2014 strain
should lead to a microcephalic phenotype similar to that induced by epZIKV. Compared with
mock-infected embryos, those infected by THA 139N presented pronounced brain defects, as

evidenced by a lower brain weight, a microcephalic phenotype, and ventriculomegaly (Fig.
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4.6a-d). However, the severity of the brain abnormalities did not differ significantly between

embryos infected with THA 139N and those infected with parental THA 2014.

We next investigated whether the S139N substitution affected the viral replication kinetics in
neuroblastoma cells and hNPCs. In neuroblastoma cells, the THA 139N variant replicated to a
significantly higher viral RNA load at 1 to 5 dpi than the THA 2014 strain (Fig. 4.6¢). Levels
of infectious virus were also higher, albeit only significantly at 3 dpi, in neuroblastoma cells
infected with THA 139N than in those infected with the parental strain (Fig. 4.6f). By 7 dpi,
the (significant) difference between the two ZIKV strains had disappeared. A similar difference
in the replication profile between THA 139N and THA 2014 was noted in hNPCs, i.e.,
significant higher viral RNA levels (at 2-9 dpi) and virus titers (at 5 and 7dpi) for THA 139N
than for THA 2014 (Fig. 4.6g, h). Interestingly, when determining the number of cells, the
number of hNPCs infected by THA 139N increased from 1 to 4 dpi while those infected with
THA 2014 decreased from 1 to 4 dpi (Fig. 4.61). The difference in the number of hNPCs was
significant at 4dpi. These results suggest that THA 139N may delay virus-induced cytopathic
effect in hNPCs.

89



Logqo ZIKV copies/ml o Brain weight normalized (%) o

o

Log,q ZIKV copies/ml

: Evolution of Asian Zika virus strains resulted in attenuated fetal brain pathogenicity

0.0104
0.0168 b 0.0253 C d
—_— 0.0168 <0.0001
<0.0001 0.8
_  <0.0001 _ .
a 800+ 10009 5 0001 _ .
E %: 2 800+ £ 06 1
30 + 3 600 ® L% £ .
.0 = d L3 © - °
:}:_: T B T g eood . S . “4
- ote i : o 0.4+
20 ) = 400 . 2 I, j:L PN . ‘
= a 400 . s s
(2] — -
L T i .
10 £ 2004 < . E 0.2
8 (=] 200 = - ==l - - ---
o U e . LA e B 0.0-
SR N R S N L * oW
& S P & S P & & P & Y'PN &
P s v\v/ y Y\v/ r &
'& f\“}‘v '\‘2“ «‘2‘? &‘b < «‘b sz
f
79 - T =
<ogogt  <00001 <0009 ) o THA 2014
6 ooo0e 00002 -———E & - . THA_N
- _ — 54 4 -
4 = _ E f—
5 — & % 44 - /._/./
-
4= g T PO i.—.—.-.‘... < LLOG
=
re
. e LLOQ
14
2 T T T T T 0 T T T T T
2 3 5 7 4 1 2 3 5 7
20000
74 “ < L
0000 jooon <0001 h 00001 0.0002 % 0,0110
P ] 5 - - -

6- oooos ooom2 - ¥ '1" 15000 T
_ » > = 44 - S a 1
r R T

54— 3 2 10000 ~

& 3o g —3

4 Q =

o2 é 5000
- e LLOQ 14 ;
n

H I Ll I Ll I 0 I T T 1 T N { 4'

2 3 5 7 9 2 3 5 7 9

Figure 4.6: Brain pathogenicity and in vitro viral replication of ZIKV infectious clone THA_139N compared to WT THA_2014.

a-d, Analyses of E18.5 embryonic mouse brain development after mock injection (n = 26 for brain weight and n = 12 otherwise) or after infection

by either THA 2014 ZIKYV strain (n = 12) or ZIKV THA_ 139N (n = 6). Embryonic brains were examined morphologically by measuring the

brain weight normalized to head weight (a). Microcephalic phenotypes were assessed by measuring (b) cortical length and (¢) number of DAPI-

positive cells. Ventriculomegaly was estimated by measuring the ventricle area (d). e, Viral loads in neuroblastoma cells are shown in log;o-

transformed viral genome copies at different days post-infection. f, Infectious virus in neuroblastoma cells depicted as log-transformed 50%

tissue culture infectious dose (TCID50) per ml of supernatant at different days post-infection. g, Viral loads in human neural progenitor cells are

shown in log;o-transformed viral genome copies at different days post-infection. h, Infectious virus in human neural progenitor cells depicted as

log;o-transformed 50% tissue culture infectious dose (TCID50) per ml of supernatant at different days post-infection. i, Number of DAPI-positive

cells at day 1 and day 4 post-infection of hNPCs. In (a-d), data for THA 2014 are the same as those presented in Supplementary figure 2. In (a-

i) data are presented as mean =+ standard deviation. Statistical significance of differences was determined by Brown-Forsythe and Welch Anova,

followed by Dunnett’s T3 multiple comparisons test. Only statistically significant differences are shown.
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IV.5 Discussion

ZIKV strains of the Asian lineage are considered a major public health concern because of
outbreaks in several regions around the world, such as Micronesia (2007), French Polynesia
(2013) and South and Central America (2014-2016), which also increased in magnitude*>3.
We provide a comprehensive comparison of the neurovirulent and pathogenic profile of Asian
ZIKYV strains belonging to the pre-epidemic group (ZIKV strains that emerged before PF_2013)
or to the epidemic group (PF 2013 and all subsequent ZIKV strains). We employed the
intraplacental mouse ZIKV challenge model to assess the impact on cortical development in
embryonic brains infected with either preZIKV or epZIKV strains from the Asian lineage. In
this model, ZIKV is injected at E10.5 directly in the placental labyrinth of immunocompetent
mouse embryos to overcome the inability of ZIKV to cross the murine placental barrier. This
allowed us to mimic the clinical course of fetal ZIKV infections in humans®®. Moreover, at
E10.5, the development of the cerebral cortex in mice is corresponding to that of humans during
the first trimester of pregnancy®’’. Therefore, IPL injections at E10.5 correspond to congenital

ZIKV infections early in the first trimester of human pregnancy.

We demonstrated that the propensity of ZIKV strains of the Asian lineage to cause brain
abnormalities such as microcephaly and ventriculomegaly, is common to all ZIKV strains that
were tested, regardless of their origin (pre-epidemic or epidemic). PreZIKV strains, however,
were more pathogenic in that they invariably caused more severe brain abnormalities in the
embryonic mice. Infections with EpZIKV strains, on the other hand, resulted in a greater
variation in the severity of brain defects, with brains that did not present major abnormalities
and those that were severely affected. This variability in brain defect severity is fully in line
with what has been described in clinical reports, i.e., infants presenting varying degrees of
adverse outcomes*’*3, from undetectable central nervous system malformations*->° to severe
microcephalic phenotypes, and even perinatal mortality*®. By contrast, the higher pathogenic
profile of pre-epidemic ZIKV strains may have caused relatively more spontaneous abortions
and stillbirths rather than birth defects, explaining the absence of previously reported CZS.
Thus, our results support the hypothesis that ZIKV evolution along the Asian lineage led to an

attenuation of pathogenicity.

The higher pathogenic profile of preZIKV strains as compared to epZIKV strains was also

supported by the earlier appearance of subcutaneous edema in a larger proportion of the pre-
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epidemic ZIKV-infected mouse embryos. Subcutaneous edema has also been described in a

241 Hydrops

human fetus who had developed hydrops fetalis after congenital ZIKV infection
fetalis is characterized by severe swelling (edema) in unborn babies with mortality rates up to
50%*. Although it is extremely difficult to estimate the true incidence of hydrops fetalis
caused by congenital ZIKV infections during the various ZIKV outbreaks around the world,
the emergence of epidemic ZIKV strains with a reduced pathogenic profile may have
contributed to the higher incidence of neurodevelopmental disorders and potentially less cases

of fatal hydrops fetalis in infants born during the ZIKV epidemic.

To potentially link the pathogenic profile to the replication fitness, we examined the viral
replication kinetics of the preZIKV and epZIKYV strain, both in vitro and in vivo. Overall, the
infectivity and replication competence of the pre-ZIKV and epZIKV strains were comparable
in embryonic brains at all timepoints tested. Some differences were noted, however not
consistently between (the same) preZIKV and epZIKV strains. In neuroblastoma cells and
hNPCs, a significantly higher viral load (viral RNA and infectious virus) was found for some
viruses, in particularly for epidemic BRA 2015 and PR _2015. In addition, the epZIKV strain
SUR 2016 also exhibited superior replication kinetics in hNPCs. On the other hand, the strain
with the most attenuated replication profile also belonged to the epZIKV strains: PF 2013.
More interestingly, BRA 2015 and PF 2013 both caused comparable brain defect severity in
embryonic mice, which seems to mirror the observed severity of brain defects in PF_2013- and
BRA 2015-infected human fetuses?!**. Taken together, the results indicate that the more
pathogenic profile of preZIKV strains was not associated with an increased viral replication
fitness of these strains. Our results also point out that extrapolation of in vitro findings should
be done with caution as critical determinants, such as the immune system, the interplay between
the different cell types, and the developmental stage of the embryo, are absent in in vitro cell

culture systems.

ZIKV infections have been associated with elevated concentrations of cytokines and
chemokines, including IL-6, IL-10 and CXCL10?**. Moreover, in another study CXCL10 and
IL-10 expression levels differed significantly between ZIKV infections caused by the African
MR766 strain and those caused by the Asian PF 2013 strains with higher CXCL10 and lower
IL-10 levels after infection by MR766 compared to PF-2013 ZIKV infection®>. We hence
explored whether these biomarkers were differentially altered between the two ZIKV groups

and could thus serve as a signature of pathogenicity.
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Upon ZIKV infections by either preZIKV or epZIKV, an immunological response was
measured in the embryo brains at 4 days post-infection. We observed heterogeneous results
among all ZIKV strains tested, implying that one group (e.g., epZIKV) was not more
immunogenic than the other (e.g., pre-epZIKV). Instead, the immunogenicity of ZIKV seems
to be strain dependent. SUR 2016 was the most immunostimulatory ZIKV strain. The higher
levels of mediators after SUR 2016 infection may indicate a better response to the infection
that could be correlated to the lower neurovirulence observed in E18.5 brains. However, it
cannot be excluded that excessive levels could also lead to worsening of disease because of
inflammation. The interplay between ZIKV and the immune system may be the key to a better

understanding of the pathogenicity.

To investigate whether the S139N substitution could have contributed to the reduced
pathogenic profile of the epidemic ZIKV strains, the S139N substitution was introduced into
the pre-epidemic THA 2014 strain, resulting in the THA 139N variant. The THA 139N
replicated more efficiently in vitro than the parental strain. This result is in line with earlier
obtained results using a modified (pre-epidemic) ZIKV Cambodia strain containing the same
S139N substitution. This modified ZIKV strain also exhibited an increased replication profile
in mouse neural progenitor cells*’. We further showed that the S139N substitution did not alter
the in vivo pathogenicity of THA 139N as compared to that of parental THA 2014,
corroborating the undetectable differences in the pathogenic profile reported for a modified
epZIKV strain (PR_2015 with the N139S substitution)?*$. Overall, our in vitro and in vivo
findings are consistent with earlier reported findings that the S139N substitution seemed to
contribute to ZIKV virulence in vitro (i.e., increased viral replication fitness) but did not
correlate directly to differences in the in vivo pathogenicity between preZIKV and epZIKV
strains. If the S139N substitution was involved at all, it was not the sole genetic determinant
responsible for the differences in the clinical outcomes brought about by preZIKV and epZIKV
strains. To identify genetic determinants underlying the development of ZIK'V-associated brain
abnormalities in fetuses and newborns in future studies, it is important to design holistic studies

that comprehensively examine multiple ZIKV strains in vitro and in vivo.

In summary, we showed that different Asian ZIKV strains share neurotropic and neurovirulent
properties. We further postulate that the Asian lineage progressively evolved towards an
attenuated pathogenicity. The accelerating urbanization, particularly to the natural habitats of

245

the Aedes mosquito vector’®, and its associated expanding geographical distribution*® as well

as the immune status of individuals represent additional factors contributing to the increased
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incidence of ZIKV outbreaks around the world. Further investigations on ZIKV-mediated
nervous system damage should include the collaborative development of predictive models that
integrate the multivariate impacts due to climatic, ecological, social, and cultural factors to

improve the public health response.
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IV.6 Supplementary Data
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Supplementary Figure 4.1: Schematic representation of intraplacental infection technique. At the embryonic day 10.5 (E10.5), 1ul of

ZIKV (5x10° PFU/ml) was injected in the fetal labyrinth of the placenta allowing the virus to reach the embryo through the umbilical cord and

to disseminate within the embryo. At E18.5, embryonic brains were harvested and processed for different analyses.
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Supplementary Figure 4.2: Brain abnormalities in embryonic mice caused by several pre-epidemic and epidemic ZIKV strains
a-d, Analyses of E18.5 embryonic mouse brain development after mock injection (n = 26 for brain weight and n = 12 otherwise) or infection
by PHL 2012 (n = 16), by THA 2014 (n = 12), PF_2013 (n = 19), PRV_2015 (n = 11), BRA 2015 (n = 12), MEX 2016 (n = 15) and
SUR 2016 (n = 11). a, Embryonic brains were examined morphologically by measuring the brain weight normalized to head weight. b,c,
Microcephalic phenotypes were assessed by measuring (b) cortical length and (c¢) number of DAPI-positive cells. Ventriculomegaly was
estimated by measuring the ventricle area (d). In (a-d) data are presented as mean + standard deviation. Statistical significance of differences

was determined by Brown-Forsythe and Welch Anova followed by Dunnett’s T3 multiple comparisons test.
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Supplementary Figure 4.3: Embryos infected by ZIKV develop subcutaneous edema.

a, Percentage of mouse embryos presenting subcutaneous edema at E13.5, E14.5 and E15.5 after infection by PF_2013 (n= 1, n= 14 and
n = 18, respectively). b, Percentage of mouse embryos presenting subcutaneous edema at E13.5 after infection by PHL 2012 (n =5),
THA_2014 (n=12), PF_2013 (n=1), PR_2015 (n=12), BRA_2015 (n=12), MEX_2016 (n = 6) or SUR_2016 (n =3). ¢, d, Percentage
of mouse embryos presenting subcutaneous oedema at E14.5 (¢) or E15.5 (d) after infection by PHL 2012 (n=23 and n =22,
respectively), THA 2014 (n =20 and n =9, respectively), PF_2013 (n =19 and n = 19, respectively), PRV_2015 (n=7 andn=11,
respectively), BRA 2015 (n= 15 and n = 17, respectively), MEX 2016 (n =13 and n = 14, respectively) or SUR 2016 (n=23 andn =
11, respectively).
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Supplementary Figure 4.4: Replication kinetics of the different pre-epidemic and epidemic ZIKYV strains in embryonic mouse brain.
a-d, Brain viral loads for each ZIKV strains are shown in logj,-transformed viral genome copies for all timepoints. Viral loads in brains
collected at E13.5 (a), E14.5 (b), E15.5 (¢), E18.5 (d). e, Infectious virus in brain at E18.5 are shown in log;o-transformed 50% tissue-culture
infectious dose (TCID50) per mg of tissue. N numbers are present in supplementary table 2. Data are presented as mean + standard deviation.
Statistical significance of differences was determined by one-way Anova followed by Kruskal-Wallis’ multiple comparisons test. ns = not

significant.

96



: Evolution of Asian Zika virus strains resulted in attenuated fetal brain pathogenicity

Supplementary Table 4.1. Details of the ZIKYV strains used in this study

Name in study Full name ZIKYV strain GenBank AA at 139*

CAM 2010 ZIKV/H.sapiens-tc/KHM/2010/FSS13025 KU955593 S
PHL 2012 ZIKV/H.sapiens-tc/PHL/2012/CPC-0740 KU681082 S
THA 2014 ZIKV/H.sapiens-tc/THA/2014/SV0127-14 KU681081 S

PF 2013 ZIKV Pf13/251013-18 KY766069 N

PR 2015 ZIKV/Homo sapiens/PRI/PRVABC59/2015 KUS501215 N
BRA 2015 ZIKV/H.sapiens/Brazil/PE243/2015 KX197192 N
MEX 2016 ZIKV/Aedes.sp/MEX/MEX 2-81/2016 KX446950 N
SUR 2016 ZIKV SL1602 KY348640 N

*The amino acid present at position 139 in the polyprotein of the ZIKV strains.

Supplementary Table 4.2. Number of embryos included in the in vivo studies per ZIKV

strain and developmental stage

Viremia TCIDS0
ZIKYV strain
E13.5 E14.5 E15.5 E18.5 E18.5

PHL 2012 12 15 22 11 11
THA 2014 12 16 9 17 16
PF 2013 1 14 18 10 9
PRV 2015 3 8 11 14 13
BRA 2015 13 18 16 8 8
MEX 2016 6 14 14 25 23
SUR 2016 3 15 11 14 12
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V.1 ZIKYV outbreaks of the African lineage

Since its discovery in 1947 in Uganda, ZIKV has evolved into two major lineages: the ancestral
African lineage and the Asian lineage. The Brazilian ZIKV outbreak clearly demonstrated for
the first time that ZIKV infections can lead to neurological complications in infants. More
importantly, these complications seemed to be confined to ZIKV strains of the Asian lineage,
as they have not been reported in the past for ZIKV strains of the African lineage. It raised
questions in the scientific community as to why ZIKV outbreaks or ZIKV-associated
neurological defects have not been previously reported in Africa, considering that the virus is
endemic to the continent and has a long circulation history. In order to address this issue, several
research groups have investigated whether African ZIKV strains are also capable of causing
neurological defects and, if so, whether these are comparable to those induced by the Asian
strains. While most studies point toward a higher virulence of African ZIKV as compared to
Asian ZIKV, other studies reported conflicting results, making it difficult to draw firm
conclusions about the potential of the African ZIKV lineage to induce neurological defects.
Moreover, these studies had a major drawback. They were conducted using old African ZIKV
strains (isolated in the 1960’s and 1980°’s) or the original ZIKV MR766 strain which had been
isolated in 1947 and since then passaged around 150 times, both in vitro and in vivo (in mouse
brain)?°*2%5, The pathogenicity of those ZIKV strains may not be representative of that of
contemporary African ZIKV equivalents. Thus, in chapter III, we investigated the
pathogenicity and epidemic potential of contemporary African ZIKV strains and whether like

Asian ZIKV strains, they could cause brain defects in the developing embryo.

Our results using contemporary African ZIKV corroborated results from previous studies by
showing that African ZIKV was more virulent than Asian ZIKV in both immunocompromised
mice and in immunocompetent mouse embryos. We also showed that African ZIKV presented
a neurotropism comparable to that caused by Asian ZIKV, suggesting that neurotropism is an
intrinsic property of ZIKV and is thus not the result of a recent evolutionary event of the virus.
Because of its extremely high virulent profile, in utero infections by African ZIKV during the
first trimester of pregnancy may potentially cause more spontaneous abortions and stillbirths
than neurological defects in fetuses. This hypothesis is supported by recent studies using non-
human primates (NHP), which showed that infections by the African ZIKV during the first
trimester of pregnancy led to 78% pregnancy loss versus only 26% pregnancy loss caused by
Asian ZIKV?*_ Taken together, the higher virulence of African ZIKV might have played a role

in the absence of reported cases of CZS that are associated with the African lineage.
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The ability of the virus to cross the placental barrier is a crucial property to cause in utero
infection leading to CZS. While the recent outbreaks highlighted this capacity for Asian ZIKV,
it was unclear whether African ZIKV could also cross the placental barrier and consequently
lead to the development of CZS. Unfortunately, the mode of infection in our mouse model
(intraplacental injections) did not allow us to assess the vertical transmission properties of
African ZIKV. However, studies using NHPs showed that, like their Asian counterparts, ZIKV

strains from the African lineage can cross the placental barrier®>>4%,

Given its highly virulent in utero profile, African lineage ZIKV requires close surveillance as
it may pose a significant epidemic risk to humans. Furthermore, my collaborators at Institute
Pasteur in Paris showed in chapter III as well as in another publication!® that the natural
mosquito vector Aedes aegypti from Asia and the Americas were more susceptible to African
ZIKYV strains because these strains showed higher infection rates and transmission efficiencies
than did the Asian ZIKV strains. These results underscore the need for intensive surveillance
of the African ZIKV lineage, as spread of the virus out of the African continent by a more
competent vector, i.e., Asian/American Aedes aegypti mosquitoes, may lead to massive ZIKV

outbreaks.

V.2 ZIKYV outbreaks of the Asian lineage

As I wrote earlier, all ZIKV outbreaks that were associated with the development of CZS were
caused by ZIKV of the Asian lineage. However, like African ZIKV, Asian ZIKV had also been
circulating for decades prior to the emergence of ZIKV epidemics®*®. The first major ZIKV
outbreak occurred on the Yap Island in 2007 with an estimated 73% of the population that got
infected. However, unlike later ZIKV outbreaks causing epidemics in French Polynesia and
Brazil, amongst others, it was not associated with the development of CZS or neurological
diseases in infants®°, This has led to the hypothesis that the ZIKV-associated neurological
defects could have originated from a recent evolutionary event within the Asian ZIKV lineage.
While some studies suggest that epidemic ZIKV strains (i.e., ZIKV French Polynesia and all
those evolving from it) became more virulent than the pre-epidemic ZIKV strains (i.e., ZIKV
strains circulating before ZIKV French Polynesia) due to the acquisition of certain genetic

26251 " other studies reported the opposite??2*2. These contradictions in the literature

mutations
make it difficult to link the evolution of Asian ZIKV with the emergence of ZIKV-associated
CZS cases. In chapter 1V, I therefore conducted a comparative analysis of pre-epidemic and
epidemic Asian ZIKV strains to ascertain whether a link exists between the evolution of the

Asian lineage and the emergence of CZS.
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Our study showed that neurotropism and neurovirulence were not the result of a recent
evolutionary event of Asian ZIKV as these traits are shared by all Asian ZIKV strains,
regardless of their status (pre-epidemic versus epidemic). However, although all ZIKV strains
were detrimental to brain development, our data suggested that in utero infections by pre-
epidemic ZIKV strains more consistently caused severe brain defects than infections by
epidemic ZIKV. In addition, infections by pre-epidemic ZIKV led to an earlier and higher
proportion of embryos developing subcutaneous oedema. These results indicate that all Asian
ZIKYV strains share similar properties, but that the pre-epidemic ZIKV strains displayed a more
pathogenic profile than the epidemic ZIKV strains, suggesting that fetal pathogenicity brought
about by Asian ZIKV evolved towards attenuation rather than exacerbation. The decreased
neurovirulence of contemporary Asian ZIKV combined with the higher transmissibility of
Asian ZIKV, the high rate of human infections, and the higher susceptibility of Asian/American
Aedes aegypti mosquitoes may have increased the likelihood of developing congenital Zika

syndrome (CZS).

V.3 IPL challenge: a mouse model to decipher mechanisms underlying
CZS-associated brain abnormalities

To study ZIKV-associated brain abnormalities several mouse models were used. The most
common model using WT mice involves intracerebral injection of ZIKV in newborn pups.
While this model provided insights on ZIKV infection of brain cells, it may not be the most
suitable model to study the development of brain abnormalities following ZIKV
infection?®41:226_ Indeed, at the post-natal stage, the cerebral cortex (which has been described
as most susceptible to ZIKV infection) is already almost completely developed in mice and
therefore may not represent the same stage in human brain developmental. Moreover, an
injection of ZIKV directly into the brain parenchyma may affect the behavior of the virus, e.g.,
by modifying its cell tropism and distribution within the brain, amongst others, which may not
reflect the natural physiopathology of ZIKV in the brain. In some studies the intracerebral
injections were conducted at the embryonic stage, which more closely resembles the stage in
human brain development, but as discussed above, the route of infection may conceivably
impact brain pathology?S. In our model, intraplacental injection allows ZIKV to more naturally
reach the embryo and subsequently disseminate to the brain and other tissues. In addition, at
E10.5, cortical development in mice corresponds to that of humans in the first trimester of
pregnancy. Finally, these injections were not performed in immunodeficient mice, as was done

in many other studies!*®*>3, but in immunocompetent dams. These characteristics of our IPL
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mouse model allow us to mimic human fetal brain infections during the first trimester of
pregnancy, hence making it a highly suitable model to study the pathology of ZIKV-associated

fetal brain abnormalities.

In humans, fetuses exhibit a broad spectrum of brain abnormalities. Severe brain malformations

h254

in fetuses lead to fetal loss’ or perinatal deat while some survive but develop severe

neurological and neurodevelopmental complications®*>. Similarly to what was observed in

human infants?43-2342%6

, a wide range of brain abnormalities was observed in our IPL ZIKV
challenge mouse model, ranging from embryos without obvious brain defects to embryos
presenting a moderate phenotype, and embryos having severe brain defects. Unravelling the
underlying mechanism(s) responsible for the variability in the severity of brain abnormalities
notwithstanding a similar infection is extremely complex. One option would be to study the
mechanisms that are affected the same or differently following a ZIKV infection in poorly
affected brains versus those with a severe phenotype. Markers that significantly altered in the
severe cases compared to those in the less affected brains could be responsible for the increased
virulence. Identifying these markers may subsequently allow the discovery of the mechanisms

that are specifically dysregulated in the severe cases, which may aid in mitigating the

development of severe brain abnormalities associated with ZIKV infection.

V.4 IPL challenge: a mouse model to study CZS-associated disorders

Despite the huge health threat posed by ZIKV to developing embryos, no routine ZIKV
screening has been implemented to date for pregnant women except when the mother presents
with symptoms suspected to be ZIKV related. The risk of transmitting ZIKV and developing
neurological defects, however, is not directly correlated with the (a)symptomatic status of the
mother?*!237-238 Consequently, cases of prenatal ZIKV exposures are likely to go unnoticed as
ZIKYV infections mostly have an asymptomatic course. They are generally first discovered when
detectable abnormalities in embryos are found during regular ultrasonic check-ups of pregnant
women. In addition, several infants prenatally exposed to ZIKV do not present with
microcephaly at birth but do experience neurodevelopmental delays (language, cognition,

motor functions)*”. Some of them even develop microcephaly postnatally®®,

Although the development of brain abnormalities is a main characteristic of CZS, it is only one
facet of the syndrome which encompasses a much wider range of disorders with various
affected organs and tissues. Affected organs associated with CZS are the eyes, the spinal cord,

the lungs and the heart. Ocular abnormalities are a common finding in children with CZS.
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Clinical studies showed that eyes abnormalities can be found in 20% to 30% of infants with
CZS?3%61:262 The main defects involve the retina and the optical nerve. The development of eye
defects is more common in children with severe CZS but can also occur in children without
neurological abnormalities?®!*%2. Clinicians are therefore advocating eye screenings in all
children with suspected prenatal ZIKV exposure, regardless of the CZS severity. The spinal
cord is a preferential site of ZIKV infection. Spinal cord abnormalities observed in ZIKV-
infected infants are arthrogryposis, spinal cord thickness reduction, architectural distortion,
neuronal loss and microcalcifications**>2%. Lung pathologies, on the other hand, have not been
extensively described. A study by Alvino and co-workers showed that around 50% of the
neonates with CZS and microcephaly suffered from early respiratory distress and 22% died
from respiratory failure?®®. A post-mortem study reported pulmonary hypoplasia in all neonates,
while intra-alveolar hemorrhages were found in a smaller number of neonates, and interstitial
lymphocytic pulmonary infiltrations and an expansion of alveolar septa in only one neonate?®’.
The heart was also shown to be targeted by ZIKV, as evidenced by the occurrence of heart
abnormalities, albeit minor, in neonates with CZS?%%2%_ Yet, another study that evaluated the
morphology and the biventricular function of the heart in children with CZS, indicated that
these children may experience early cardiac impairment due to a reduction in cardiac
dimensions and biventricular dysfunctions?’’, which can lead to severe heart failure. The
lethality of these conditions was additionally demonstrated by a study conducted on deceased
children with CZS, showing that they presented a higher percentage of deaths after the first year
of life that was associated with circulatory system disorders, with cardiomyopathy, other

271 While not all of these conditions

cardiac arrhythmias and heart failures being the main cause
are life-threatening, some will lead to permanent pain and disabilities, resulting in impairment

of the quality of life and wellbeing of these children.

My studies in chapter III and chapter IV using the IPL ZIKV challenge mouse model, showed
that ZIKV has a similar organ and tissue tropism as has been reported in human cases. We
observed infection of the brain, the lungs and the heart, as detected either by RT-qPCR or
immunofluorescence, and infection of the eyes and the spinal cord, as detected by
immunofluorescence. We already demonstrated that our mouse model closely recapitulates the
development of embryonic brain abnormalities after in utero infection during the first trimester
of pregnancy in humans. Based on the similar infection pattern in the other organs, we anticipate

that our embryonic mouse model may also recapitulate the other conditions associated with
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CZS. Further characterization of our model could make this an extremely valuable tool to better

understand the full pathogenicity of ZIKV in the developing fetus.

V.5 IPL challenge: a mouse model to study the immune system response

Inflammation is an essential process to protect the brain by inducing tissue repair?’2. In contrast,
overactivation of the inflammatory pathways can cause chronic brain inflammation which can
lead to tissue damages®’>. The major component of the immune system in the brain are the
microglial cells. Microglial cells are the most abundant mononuclear phagocytes within the
brain parenchyma?’*. They play an essential role in the pathogen’s clearance from the brain
through their phagocytic activity. Upon activation, the microglial cells can be differentiated in
M1 pro-inflammatory microglia, which secrete proinflammatory cytokines and chemokines
such as TNF-a and IL-6, or in M2 anti-inflammatory microglia, which release anti-
inflammatory cytokines such as IL-10%"*. While a self-limited inflammation is neuroprotective,
an excess of pro-inflammatory mediators or a chronic inflammation can lead to overactivation
of microglial cells, causing a switch of the microglia to an M1 state’’”. In neurodegenerative
diseases, activated microglia are suspected to be involved in the aggravation of the

disease?’>2>?73_ Studies have shown that ZIKV is able to infect microglial cells both in

216,217 276

vitro and in vivo~’®. Moreover, ZIKV infected microglial cells secrete more pro-
inflammatory cytokines?'”?’6. Hence, ZIKV infection of microglial cells could potentially
induce a switch to a M1 state of the microglia, leading to an increased secretion of pro-
inflammatory modulators. Taken together, the inflammation caused by a ZIKV infection, along
with an increased release of pro-inflammatory cytokines and chemokines by activated

microglial cells, could cause a deleterious effect on embryonic brain development.

As described in chapter I, ZIKV, through its non-structural proteins, can control and block the
immune response. In our model, ZIKV infection of the fetal brain induced an immunological
response, as observed on day 4 post-infection (chapter IV). The expression of the pro-
inflammatory cytokine IL-6 and the chemokine CXCL10 (which is induced by IFN-y), and the
anti-inflammatory cytokine IL-10 was increased upon ZIKV infection. The presence of an
immune response in the brain in our mouse model provides a great opportunity to better
understand the potential role of the immune system in controlling or worsening of the brain
defects during congenital ZIKV infections. To investigate this, infected brains could be
harvested at different timepoints post-infection to determine the magnitude of the immune
response, more specifically that of the inflammatory response, by quantifying the expression

levels of various pro- and anti-inflammatory cytokines and chemokines. To examine the
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potential detrimental effect of a prolonged and strong inflammatory response, diverse strategies
can be considered. Amongst them is the administration of anti-inflammatory drugs at different
timepoints post-infection to explore whether these could reduce the brain damages; some of
these drugs have shown to be effective against ZIKV infections in vitro*’’*’8. However, even
if the efficacy of anti-inflammatory drugs against ZIKV is proven, their use should be closely
monitored in areas where the closely related DENV also circulates since non-steroidal anti-

inflammatory drugs are contraindicated in the case of DENV infection®.

However, in our experiments in chapter IV, peripheral immune cells could also have
contributed to the increased secretion as the embryos were not perfused. Related to this, a study
using an in vitro human BBB model showed that ZIKV infection led to an increase in
inflammatory cytokines and adhesion molecules levels which may lead to the recruitment of
immune cells at the BBB. Therefore, the use of proper markers and mouse models that are
specific to either the microglial cells or the peripheral blood cells is crucial to further investigate

the role of these cells in causing elevated cytokine/chemokine levels upon ZIKV infection.

To study the protective or negative role of microglial cells on fetal brain development after
ZIKV infection, specifically engineered transgenic mouse lines could be used. One is the
TMEM119%? in which the green-fluorescent protein (GFP) is specifically expressed in
microglial cells. Using this mouse line, the colonization of the brain by the microglial cells can
be monitored and their number can be quantified. In combination with specific markers, such
as Ibal (Ionized calcium binding adaptor molecule 1) and CD68 (Cluster of Differentiation 68)

that are expressed by activated microglial cells?”

, the proportion of activated microglial cells
following a ZIKV infection can be determined over a certain period of time. Another mouse
line, TMEM119“RE-ERT2 "in which microglial cells can be depleted by injection of tamoxifen,
could potentially be deployed to study the role of microglial cells in the development of brain
defects. By depleting the microglial cells in the dams at different time points post-infection, the
involvement of these in worsening the brain alterations could potentially be assessed. Moreover,
these experiments may also aid in identifying the critical window at which the microglial cells

switch from a protective to a damaging role in their attempt to cure the brain from the ZIKV

infection.

These strategies combined with ELISA and FACS experiments using brain samples may
elucidate the consequences of ZIKV-induced brain inflammation as well as the role of the
different immune-modulating actors in the development of ZIKV-mediated brain
abnormalities.
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V.6 IPL challenge: a mouse model for vaccines and antivirals development

An important milestone that still needs to be achieved in our fight against ZIK'V and its dramatic
consequences is the development of potent and effective vaccines and antiviral compounds. So
far, no vaccines or antiviral compounds are available, although several vaccines are currently

undergoing clinical trials. One is a DNA vaccine that is now in a clinical phase II study?°

, while
two other vaccines are mRNA vaccines that both successfully completed a clinical phase I
trial®®!. By contrast, no antiviral compound identified so far exhibited promising anti-ZIKV
activity and pharmacokinetics to warrant their testing in clinical trials. An additional
complicating factor in Zika drug development is a possible teratogenic effect of the drug,

prohibiting their use in ZIKV-infected, pregnant women.

Our mouse model is also highly suitable for testing the in vivo efficacy and safety profile of
potentially novel vaccine and antiviral drug candidates. Indeed, immunization of dams with a
chimeric (yellow fever-Zika) vaccine prior to the IPL ZIKV challenge at E12.5 successfully
protected the fetal brain against ZIKV infection as well as against ZIKV-induced brain
malformations??®. Similarly, the efficacy of promising antiviral compounds could be evaluated
in our mouse model, provided that they are safe to both the mother and the fetuses and exhibit

a favorable pharmacokinetic profile.

Limitations of the IPL ZIKYV challenge mouse model

As described above, the IPL ZIKV challenge animal model represents a valuable animal model
to study the alterations of the brain during embryonic development upon ZIKV infection.
However, it also presents evident limitations. As evoked previously, the animal model relies on
the microsurgery to bypass the mouse placental barrier and therefore does not allow to study
differences in vertical transmission of the studied ZIKV strains. Indeed, one hypothesis
explaining the sudden upsurge of CZS that occurred in the Pacific and Latin-America could be
that the epidemic ZIKV strains are more capable of crossing the placental barrier (i.e., require
lower viral titers) than the pre-epidemic ZIKV strains. This theory cannot be tested in our
animal model. However, so far, all ZIKV strains that were tested to assess their vertical
transmission capacity and the development of CZS, were shown to be able to cross the placental
barrier in NHP?>>2%,

Another important limitation of our IPL challenge mouse model is that it does not allow to
study the susceptibility of the different placental cells to ZIKV infection. Indeed, the first
trimester of pregnancy has been linked to higher vertical transmission rates with suspected

126

increased susceptibility of the placenta’s cells'=°. Unfortunately, the possible differences in

106



: General Discussion

susceptibility of the different placental cells cannot be assessed in our mouse model, as the
injection of the virus is performed directly into the labyrinth, which may induce a bias regarding
the cells that are infected, the susceptibility and the timing of ZIKV infection, and the natural
spread of ZIKV within the placenta.
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